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Abstract  
Water pollution has become a global issue with impacts in all countries but 
particularly those undergoing rapid urbanisation such as China. The review for this 
thesis established that in 2015 China had 3,910 urban treatment plants with daily 
treatment capacity of 167million cubic metres. This treatment capacity was able to 
serve more than 90% of the population in urban regions. Compared to the previous 
20 years, these treatment facilities represented a major improvement. However, the 
thesis uses recent annual environmental reports to show that this level of treatment is 
still not enough to avoid serious water pollution, more than 30% of Chinese rivers 
were classified as polluted. The main reason for this it is suggested is that most of 
treatment infrastructure is for urban areas and the rural areas still lack even basic 
treatment and rural communities represents about half the total Chinese population. 
The statistics reported in Chapter 2.1 indicates only 25.3% of towns and 11% of 
villages are connected to treatment facilities. It was concluded that this lower 
treatment rate was the major factor impacting on the water environment. Therefore, it 
is important to improve treatment infrastructure in China remote areas. 
The literature suggested that trickling filter (TF) technology had advantages as 
wastewater treatment in this type of situation namely Chinese rural areas. This thesis 
therefore reports on research to upgrade the TF basic processes to remove newly 
prioritized nutrient pollutants using novel, sustainable and easily available local 
media, these were; zeolite, maifan stone, recycled concrete aggregate (RCA), brick, 
blast furnace slag and dolomite. The media were screened using simple absorption 
tests first focussing on P removal and then a short-listed group tested under dynamic 
pilot scale. Further static experiments were carried out on this group to understand 
the mechanisms involved. The pilot tests used the selected concrete and brick. The 
best performers against traditional media controls and the results showed pollutant 
removal (COD, TSS, Turbidity, TOC and N) in line with previous models.  The 
media, except concrete, however released phosphorus. This was further confirmed by 
batch tests with different operating conditions which found the media released P 
when the initial P concentration was below 10mg/l or above 15mg/l. Concrete was 
not affected and continued to adsorb P under all conditions (Chapter 4). It was 
recommended that tests using crushed concrete for tertiary treatment be carried out. 
Concrete was further studies by isotherm models the best fit was the Langmuir 
  
 
equation with a maximum adsorption of 6.88mg/g. The mechanism of adsorption 
was ionic attraction determined by kinetic study and thermodynamic models. The 
adsorption capacity was compared with other literature, and the results from this 
study suggested a larger size of crushed concrete (2-5mm) could be used for P 
removal as effectively as smaller sizes. In order to determine the phase of the P 
adsorbed, sequential extractions were carried out. The results confirmed labile or 
easily removed P (LBP) dominated (44%) followed by refractory or occluded P (O-
P), Ca-P, Mg-P and Al-P. The literature, suggested LBP would be easily available to 
plants and the RCA could be reused for plant nutrient supply. Different grades of 
RCA in terms of their original water to cement ratio (W/C) were also tested for P 
removal. The study showed high W/C ratio removed more P due to the greater 
porosity and larger pore sizes than the lower W/C ratio. 
Key words: Phosphorus removal, Phosphorus speciation, Phosphorus size 
fractionation, Recycled concrete, Rural water pollution in China, Tricking filter, 
Water pollution, River chief system     
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1. Introduction 
1.1 Background  
Trickling filters (TF) have been widely used through the world. The earliest plant 
was built in Salford, England in 1892 (Peters & Alleman, 1982). Trickling Filters 
consist of a fixed bed of media over which wastewater was trickled or sprayed. In 
older filters, the wastewater is sprayed onto the media (gravels and rocks in simple 
filters) from fixed nozzles. The later designs used a rotating arm that moved under its 
own hydraulic power (like a lawn sprinkler) distributing the waste evenly over the 
entire bed. The first level of complication was the recirculation of treated flow which 
was shown to give a higher degree of treatment consistency (Weiner & Matthews, 
2003). TF can be designed to emphasise the degradation of organic matter, nitrify, 
denitrify and contribute to P removal (Wik, 2003). Apart from this, last reference 
little has been published about de-nitrification or P removal and this thesis describes 
research on the possibilities of P removal by TF.  
The basic idea behind filters was to duplicate the natural treatment process 
accelerated by a designed bioreactor. During the treatment process, the bacteria grow 
on the gravel in the TF, where they consume the soluble and coagulate particles of 
organic pollutants which attach to the biofilm, from the polluted water (Water 
Environmental Federation, 2007). In order to retain the bacteria in the artificial 
condition, there is a need to provide a filter media for retaining the biofilm which is 
able to accommodate the largest amount of biomass and coagulated solids. 
Ventilation is also needed to satisfy the aerobic metabolism of the attached bacteria. 
The performance of the bio-filtration can be affected both by design and operational 
parameters. Understanding these factors can help to create an effective modern 
process model for determining the performance of the design (See Figure 1.1).   
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Figure 1.1: Typically trickling filter (modified from (Tilley et al., 2008))  
The invention of the activated sludge process in 1914 removed the need for a 
supporting media at all allowing the bacteria to completely mix in suspension in an 
open tank. Without the media the process was much more space efficient than 
trickling filter capable of treating 10 times the amount of sewage per m2 of area. 
Since 1950 with the expiry of patents, asset replacement and population growth the 
activated sludge (A/S) process has become the dominant wastewater treatment 
process for large urban areas (>50,000 population). The activated sludge tank 
however because of its intensification needs artificial aeration and consequently its 
energy consumption and carbon emissions over a full life cycle analysis are greater 
than trickling filters. The energy consumption of TFs was reported to be 30-50% less 
than A/S (Henrich & Marggraff, 2013).  
Therefore it was concluded for this thesis that TF had potential for smaller, remote 
communities without access to power and where land costs are less important than in 
urban areas. It was also concluded these characteristics were representative of the 
major rural areas and population of China. 
In the last 10 years, the amount of Chinese wastewater has increased by 57% and 
these large amounts of sewage have threatened public health as well the natural 
environmental (MEP, 2013). The issue has attracted the attention of the Chinese 
Government, which is seeking a solution by constructing treatment plants as quickly 
as possible. In the last 10 years, the amount of sewage treated in China has increased 
Chapter One: Introduction 
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sharply and by December 2015, 92% of Chinese cities and 85% county towns have 
sewage treatment plants. About 3,910 sewage treatment plants are under operation, 
with total capacity of 167million m3/day, an increase of 8 times compared to 2000 
(MOHURD, 2016). It was also noted that the coastal areas had better waste treatment 
resources as a result of stronger economies than the internal regions of China.  
This urban sewage problem has largely been solved by building greater treatment 
infrastructure but the situation in the rural areas is different and wastewater treatment 
has not been addressed, pollution problems are getting worse. It also showed that 
more than 25million m3 of foul water were discharged into environment from rural 
areas without treatment every year (Li, 2012). Rural treatment infrastructure was 
poor in west, north and central of China due to economic difficulties compared to the 
coastal regions. Figure 1.2 shows the GDP per capita in Chinese provinces 
(1RMB=0.11 Sterling), the highest GDP was in the coastal areas. The extent of 
wastewater treatment averages around 5% in the west region and 50% in east China 
(MOHURD, 2016). In the 13th-five Year Plan (2016-2020), the Government planned 
to improve wastewater treatment in rural areas. This short time available for 
implementation and considering the low total cost of ownership, TF could be the best 
initial option which could be widely used in Chinese rural areas due to the low 
energy and maintenance benefits.  
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Figure 1.2: GDP per capita of Chinese province in 2016 (source from MOHURD, 2016) 
Currently, the extensive use of A/S has brought with it a research focus and 
progressive developments to meet current standards. Modern designs are available to 
remove nitrogen and recover phosphorus with membranes and granules to overcome 
settlement problems the most common difficultly with A/S. There has been little 
development in TF. Phosphorus (P) is needed for optimum crop production and 
mineral phosphorus reserves are thought to be limited with no substitutes. Research 
in both the US & Europe has shown mineral P resources may be depleted in a few 
hundred years and recovery of P is urgent to maintain agricultural productivity 
(Reijnders, 2014). Furthermore, removal of P from wastewater to meet 
environmental quality standards is now a significant cost in chemicals and power, 
complementing the benefits of recovery, particularly in China.  
The review in this thesis investigates the main parameters affecting tricking filter 
performance and its possible application in China. This included a review of the 
needs for the standards, public awareness and appropriate technologies for the 
development of rural wastewater treatment in China. The critical literature review 
suggested the filter media was a major parameter affecting TF performance and this 
study has researched the performance of novel media, using dynamic and static tests 
to determine if P removal can be improved. Some of the media tested are natural 
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minerals already used in drinking water (Zeolite, Dolomite and Maifan stone) and 
construction/demolition waste (such as brick, concrete and slag). Newly available, 
novel analytical techniques were also investigated for use to determine the 
fundamental characteristics of these media, such as P sequential extraction, pollutant 
size fractionation and image analysis.  
1.2 Aim and Objectives 
Aim: To investigation of potential sustainable filter media for treating rural 
wastewater by trickling filter with regard to P removal and its mechanism 
 
The objectives of the project were: 
1. To examine and select a suitable media easily available in rural areas with static 
tests and confirmatory continuous pilot trials.   
It is widely showed accepted that water pollution is becoming more serious in 
Chinese rural areas. TF is a reliable treatment process and could be used in these 
areas. However, it is known and concluded by the literature review that nutrient 
removal and consistency were limited. Filter media is one of important element 
of TF. By screening appropriate media, it could improve the performance. In the 
rural areas, material accessible is curial. Therefore, waste concrete brick, Maifan 
stone, zeolite and BFS were selected for the study. These material were tested 
under pilot condition to assess pollutant removal, these included COD, P, NH4, 
pH and turbidity. Static test were used to understand P adsorption capacity.  
2. To assess the concrete P adsorption mechanism by application of isotherm 
models, kinetic and thermal dynamic models, together with chemical speciation 
tests of the P 
Dynamic and static test indicated that RC adsorbed P without rerelease under 
either conditions. In order to further analyse and explain the adsorption process, 
various of isotherm models were used, including Freundlich, Langmuir, Temkin, 
Dubinin-Radushkevich, Frumkin and BET model. Adsorption to the media was 
also studied through standard first and second order kinetic equations to 
determine the reaction rate. Further, whether the adsorption was physical or 
chemical reaction was examined by thermal dynamic models. In additional, 
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fractionation of inorganic P test was carried out to classify P precipitate on the 
surface of concrete. 
3. To study P removal performance of various types of concrete preparation 
specially the W/C ratio 
In order to determine the suitable type of RC for P removal, various W/C ratio 
concrete were tested in pilot condition. The adsorption of different P size fraction 
was studied to analysis the important of the concrete porosity and pore 
dimension. The media topography characterisation was compared before and 
after the pilot test. 
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1.3 Thesis Structure 
The thesis is divided into six chapters and summarised below: 
The background and justification of the research, with a development to the aim and objectives of the study are presented
This chapter included an overview of the design, biology, mechanisms of action, main parameters affecting performance and media characteristics of TF. 
The chemistry/biochemistry of phosphorus and size fractions of P in wastewater were studied.   
This chapter describes the tests procedure 
1. The dynamic tests (3.1,3.2,3.3)divided into two period (A) intermediate rate study (Objective 1)
                                                                                            (B) low rate study (Objective 3)
2.  the static tests( 3.4): formed by two part (A) media selection (Objective 1) 
                                                                              (B) concrete study (Objective 2)
3. Infinite Focus Microscope (3.5) (Objective 3)
4. Wastewater size fractions (3.6) (Objective 3) 
5. Fractionation of inorganic phosphorus (3.7) (Objective 2)
This chapter describes the selected filter media under investigation by static and dynamic tests.
1. Dynamic tests: Kaldnes, BFS, Brick and Concrete were tested under intermediate rate condition  
2. Static tests: Maifan stone, Zeolite, Dolomite and Brick were tested
Chapter One: Introduction
Chapter Two: Literature review
Chapter Three: Methodology
Chapter Four: Media selection 
Chapter Five: Concrete study
 Chapter Six: Conclusion and recommendation 
This chapter presents results from recycled concrete, the optimum media selected for pollutant removal and removal mechanisms. It 
provides information regarding the maximum P adsorption, types of P binding and role of the concrete surface. Several tests were Involved: 
1. Static tests were included: Saturation sorption, Equilibrium, Kinetic and Thermal sorption
2. Fractionation of inorganic phosphorus from concrete
3. Column tests: A. P removal 
                            B. P and TOC fractionation 
                            C. Concrete surface metrology study 
This chapter presents an overview of the research findings and recommendations for future work are highlighted.
 
Chapter Two: Literature Review 
8 
 
2. Literature Review  
This chapter is concerned with reviewing the water pollution issues in China, 
properties of TF and P fractionation. Discussion will involve the following topics: (a) 
section 2.1 provided a review of current statues and issues relating to water pollution 
in China (b) a summary of studies on the benefit and drawback of TF was given in 
section 2.2, (c) section 2.3 concluded and compared different types of TF, (d) section 
2.4 studied all the types of fixed film reactors, (e) biology of TF was summarised in 
section 2.5 including organisms structure of biofilm, files and odour problem, (f) 
section 2.6 was assessed the main parameters affecting performance and divided by 
operational and design, (g) the potential sustainable filter media were reviewed in 
section 2.7 and chemical composition and removal efficiency were concluded, (h) the 
inorganic P forms(e.g. LBP, Al-P, O-P, Ca-P and Mg-P) were addressed and 
explained in section 2.8 (i) section 2.9 concluded and compared wastewater size 
fraction (e.g. soluble, colloidal, Supracolloidal and settleable) (j) media surface 
metrology was review in section 2.10 and introduced a novel technology- IFM for 
media analysis.  
2.1. Wastewater treatment in China 
Due to industrialisation and population expansion in China, large amount of 
untreated industrial and domestic wastewater are discharged into the river. 
Consequently, Chinese rivers are seriously polluted. The Ministry of Environmental 
Protection (MEP) publishes a report called ‘Report on the State of Environment in 
China’ each year and has been done since 1989. This report covers all the 
environment issue of China such as water, air and soil. In 2015, the report mentioned 
most of river was lightly polluted, but some were seriously polluted, particularly the 
water quality of rural branch streams which was worse.The report indicated that 
2.8% of surface water met Grade I, Grade II 31.4%, Grade III 30.3%, Grade IV 
21.1%, Grade V 5.6% and Inferior to Grade V 8.8%  (MEP, 2016). Compared to 
previous years, water quality was slightly improved. However, the water pollution is 
still a big challenge for China because there are nearly 10% of rivers were recorded 
as lower than Grade V water. According to the standard definition, lower than grade 
V is not even suitable for industrial and agriculture purposes. It can be considered as 
a hazardous liquid. Figure 2.1.1 shows water pollution in China was since the early 
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1990s, due to mass of factories established. The pollution becomes worse in the 
middle of 1990s and recorded reached the lowest quality level in the 2000s when 
more than 40% of water quality was lower than Grade V. After 2005, the water 
quality was gradually improved due to massive construction of treatment works.  
 
Figure 2.1.1: River water quality from 1996-2015 (MEP, 1991-2015) 
China has had waste water purification since 1970s. At end of 2010, the municipal 
treatment rate reached 92% and sewer density reached 10km /km2.The Majority of 
cities have treatment works and nearly 85% of the sewage was collected. Rural 
wastewater treatment rates are far behind those of urban wastewater due to policies, 
investment and lack of awareness (Xi et al., 2014). Rural environmental pollution has 
now become a social problem of concern, results show that 50% of complaint letters 
and 70% petitions were about pollution in rural areas (Wen, 2009). Currently, 25.3% 
of town and 11% of villages have treatment infrastructure (detail see Figure 2.1.2).  
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Figure 2.1.2: Wastewater treatment rate in village 2005-2015 (MOHURD, 2016) 
A comprehensive review of wastewater treatment in China has been included in the 
Annexe one. The conclusion for this review was that in order to improve water 
quality in China rapidly and simple reliable technology would be required. 
Conventional active activated sludge, chemical treatment, anaerobic digestion and 
constructed wetland could be managed efficiently in rural China. It was further 
established that fixed film reactors could be used in more benefit than others but 
these needed enhancement to achieve reliability and nutrient removal, particularly 
TF.  
2.2. Fixed film reactors 
Fixed film processes were introduced into wastewater treatment more than 100 years 
ago. The earliest type of fixed film processes were tricking filters introduced in the 
late nineteenth century, rotating biological contactors in the 1960s. A third type of 
fixed film process the biological aerated filters appeared on the market in 1980s with 
both mobile and fixed media.  
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a. Trickling filters 
The first fixed film process was TF. It consisted of four main components: a circular 
or rectangular tank containing the filter medium, wastewater distributor system and 
drain system (see Figure 2.2.1). Each component has an important role the 
performance of the sewage purification process within the reactor. After a primary 
sedimentation, sewage is distributed over filter media by the distributor, while 
pollutants contained in the wastewater are degraded by the bacteria which attach to 
the media. The underdrain system provides enough oxygen for supporting 
microorganisms to decompose pollutants and avoid flooding of the filter (Bitton, 
2005; Mara & Horan, 2003).   
 
 
Figure 2.2.1: Typical Trickling Filter (Mara & Horan, 2003) 
b. Rotating biological contactors 
This technology was invented in Germany early in the twentieth century and 
imported into the USA in 1920s. The early types of rotating biological contactors 
(RBC) were constructed with wooden disks as biofilm support, but they were 
difficult to manufacture and vulnerable to damage and therefore not common (see 
Figure 2.2.2). Numbers of RBC did not increase until late in 1960s when plastic 
disks were applied (Bitton, 2005). RBCs consist of a series of circular plastic disks 
mounted on a horizontal central shaft. The system slowly rotates in sewage about one 
to two revolutions per minutes. Typically, 40% of the disk is submerged in 
wastewater during the operation. The rotating disk provides a large surface area for 
attached microorganisms. When the biofilm rotates into sewage, the pollutants are 
absorbed by the biofilm, and the film aerated when they are bought out water. The 
rotation process provides oxygen for conversion of the organic matter and also the 
shear force helps biofilm sloughing off (Mara & Horan, 2003). They are more 
efficient in making use of the surface area and aeration for biofilm growth and 
therefore cheaper to build than TF, but more expensive to operate.  
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Figure 2.2.2: Schematic Diagram of RBC (Mara & Horan, 2003) 
c. Submerged Aerated Filters 
During the last twenty years, submerged aerated filters (SAF) have been re-
introduced for primary, secondary and tertiary (Mara & Horan, 2003). Schematic 
diagrams of typical SAF are provided in Figure 2.2.3. Its primary components are a 
reactor vessel, support media, oxygen transfer system, influent distribution system 
and effluent discharge system. The main aims for this technology are the same as TF 
retention of suspended solids and oxidation of carbonaceous soluble pollution. 
Microorganisms grow attached to the submerged media. As the influent flows 
through the media, the contained soluble organic matter and ammonia-N are 
removed and oxidized by biofilm (Bitton, 2005). The flow may be upward or 
downward, giving two types of bio-filters: up-flow or down bio-filters (Mara & 
Horan, 2003). The media can also be fluidised or static.       
 
Figure 2.2.3: Submerged Filter Reactor (left): Downflow (right): Upflow (Mara & Horan, 2003) 
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2.3. Advantages and disadvantages of TF 
TF is the most widely used as secondary treatment process in Europe and has been in 
use for over 100 years. However, more sewage by volume is treated by activated 
sludge process (A/S). Although TF is the oldest wastewater treatment technique, its 
low energy consumption makes it attractive to retain them if their performance can 
meet modern standards. Compared with the A/S, it still has certain benefits to apply 
in less developed areas, for example rural areas in China. In operational terms, the 
TF require easy maintenance and control. In the terms of capital cost, the TF can be 
more economical than the activated sludge process if land is inexpensive. Moreover, 
TF can tolerate a wide range of wastewaters better than A/S including some toxic 
industrial wastewater (Gray, 2004). There are no problems with bulking sludge in 
secondary clarifiers. In addition, the energy requirement is much lower compared 
with A/S (Tchobanoglous et al., 2003).  
However, TF do have problems, for example TF is very sensitive to temperature 
change, especially for the lower temperatures which affect nitrogen oxidation and 
high temperatures generating odours (Tchobanoglous et al., 2003). TF effluent may 
be a risk to local drinking water sources because pathogen removal is low and erratic. 
Normally, the bacterial removal is inconsistent and varies from 20 to >90 %, 
depending on the operation of the trickling filter, compared to A/S which is 
consistently between from 75 to 95% (Bitton, 2005). The biggest drawback of the TF 
processes in recent years has been the poor consistency in the removal of nitrogen 
and phosphorus compared to activated sludge treatment (Tchobanoglous et al., 
2003). 
2.4. Classification of TF 
Typically designs are based on hydraulic or organic loading rates. TF can be divided 
into five classes: lower-rate, intermediate-rate, high-rate, super-rate and roughing. 
The main design criteria are presented in Table 2.4.1. The low rate trickling filter is 
the simplest structure and operation, but it is effective in removal of BOD from 
wastewater. If dosing siphons are used in low rate TF, they require no power at all. 
The main challenge of low rate TF is the management of flies. Compared with low 
rate reactor, the intermediate rate filters are designed with higher loading rates. To 
control the thickness of the biofilm and improve the quality of effluent, a 
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recirculation system is used in intermediate rate filters. Nitrification is also improved 
and flies reduced by recirculation and consequent higher hydraulic loading. The high 
rate filters are designed for high organic loading rates. The mass of removal is 
greater but effluent quality lower. BOD removed is proportional to loading rate once 
the amount of biofilm has reached equilibrium in accordance with classic kinetic 
theory and in the high rate process is lower than compared to the 90% in low rate 
filters. Removals of BOD are in the range from 65% to 80%. Solids settlement is not 
as good. Under this condition, flies are not a problem anymore because of the high 
irrigation rate and nitrification is poor. Super rate filters are generally filled with 
synthetic media and with a depth range from 3.0 to 12.0m. Due to the tall depths, the 
light-weight packing materials are required in the filters that can reduce cost and 
difficulty of construction. Roughing filters are normally applied as a pre-treatment of 
sewage, prior to the process of secondary treatment. Roughing rate filters are often 
used for high concentrations of sewage. Synthetic materials are used in the filter with 
operation under continuous feeding. Currently, these roughing filters have been 
replaced by anaerobic processes such as Upflow Anaerobic Sludge Blanket (Sperling 
& Chernicharo, 2005). The super rate aerobic biological filters often exhausted the 
amount of oxygen and become anoxic an anaerobic.   
Table 2.4.1: Typical Design information for trickling filters (Adapted from Tchobanoglous et al., 2003 and 
WEF, 1996) 
Operational 
conditions 
Low rate Intermediate 
rate 
High rate Super rate Roughing 
Hydraulic 
loading (m3/
m2 ∙ d) 
1.0-4.0 3.5-10.0 10.0-40.0 12.0-70.0 45.0-185.0 
Organic loading 
(𝑘𝑔/𝑚3 ∙
𝑑)BOD 
0.1-0.4 0.2-0.5 0.5-1.0 0.5-1.6 >8 
Medium Stone Stone Stone  Plastic Stone/plastic 
Effluent recycle Minimum Occasional  Always Always Always 
Flies Many Variable Variable Few Few 
Biofilm loss Intermit. Variable Continuous Continuous Continuous 
Depth(m) 1.8-2.5 1.8-2.5 0.9-3.0 3.0-12.0 0.9-6.0 
BOD removal 80-85% 50-70% 65-80% 65-85% 40-65% 
Nitrification intense Partial Partial  Limited Absent 
2.5. Biology of TF 
a. Fundamentals of Biofilm  
In the natural condition, a biofilm is formed on the surface of stones as detailed in 
Figure 2.5.1. It consists of a complex community of micro-organisms, such as 
Chapter Two: Literature Review 
15 
 
bacteria, protozoa, fungi and algae, together with invertebrate animals such as 
rotifers, nematodes, annelids and insects. The biofilm is highly hydrated and 
containing more than 90% of water with a thickness range from a few centimetres to 
millimetres. The most efficient of biofilm is from 10micron to 1mm (Bitton, 2005). 
The mechanism of biofilm is illustrated by Figure 2.5.2. 
 
Figure 2.5.1: Biofilm in natural condition and details (Bitton, 2005; Mara & Horan, 2003)  
 
Figure 2.5.2: Schematic view of a biofilm (Mara & Horan, 2003) 
The formation process of biofilm is complex within reactor (see Figure 2.5.3). 
Firstly, the conditioning film is formed on the media surface which is a very thin 
layer of organic molecules and ions. Secondly, microorganisms and other particles 
are precipitated on the surface.  Thirdly, bacteria attach to the surface and reproduce. 
Sewage containing nutrients and oxygen are transported through the film and 
biological reaction occurs at the active sites inside the biofilm using bio-oxidation. 
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Reaction by-products are transferred back from inside the biofilm to the wastewater. 
Old dead parts of the biofilm are lost through erosion, abrasion, sloughing off and 
replaced by a new generation (Mara & Horan, 2003). 
 
Figure 2.5.3: Phenomenology of biofilm formation (Mara & Horan, 2003) 
In the wastewater treatment processes, organic matter contained in sewage is 
degraded by the biofilm microorganisms. Eventually as the biofilm thickness 
increase this causes anaerobic zones within the film due to limited oxygen diffusion. 
The deeper layers of biofilm lack a supply of organic substrates and enter into the 
endogenous phase of growth and are more vulnerable to detachment. Sloughing then 
occurs and new biofilm is formed (Bitton, 2005). Figure 2.5.4 is an illustrative 
example of the sloughing off process under low fluid velocities and high substrate 
concentrations condition. The reasons of biofilm sloughing off are not only bacteria 
in endogenous phase but hydraulic erosion, grazing and gas formation (Henze et al., 
1995).  
 
Figure 2.5.4: Sloughing off attached biomass (Mara & Horan, 2003) 
Organisms of biofilms 
The fixed film reactor acquires the diversity of ecology to be more complex than the 
activated sludge process. The biofilm not only contains microorganisms but the 
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higher life forms such as rotifers, nematodes, annelid worms, snails and larvae. Most 
organisms in the reactor can be examined by microscope, but many cannot be 
specifically identified such as protozoans and many genera of filamentous bacteria or 
fungi (CIWEM, 2000). The main groups of organisms in the reactor are following:  
Bacteria 
In the biofilm, the smallest living organisms are bacteria. The basic unit of bacteria is 
a cell of about 0.5-1.0µm in width and 0.7-1.5 µm in length with a rigid cell wall 
(CIWEM, 2000).  Normally, the bacterial flora in fixed film filters are very similar to 
those found in activated sludge. They can be classified as genera, that are Gram-
negative rods, such as Zooglea, Pseudomonas, Chromobacter, Achromobacter, 
Alcaligenes, Flavobacterium and Coliforms (Gray, 2004). Filamentous bacteria are 
also commonly found in the biofilm like Beggiatoa, Thiothrix and Sphaerotilus flora. 
Auto trophic nitrifying organisms (e.g. Nitrosomonas and Nitrobacter) are also 
present (Mara & Horan, 2003). The majority of bacteria consume or convert soluble 
pollutants during treatment. Normally, the colloidal matter is adsorbed on the 
biological film and degraded by extracellular enzymes (Bitton, 2005).  
Fungi 
The typical fungi found in biofilm reactors are Sepedonium spp., Subarromyces 
splendens, Ascoidea rubescens, Fusarium aquaeductuum, Geotrichum candidum and 
Trichosporon cutaneum. These organisms outgrow the bacteria at colder 
temperatures or low pH condition such as acid industrial wastes. They are active in 
removal of carbonaceous substrate (Mara & Horan, 2003). The growth of hyphae 
encourages oxygen exchange to inner parts of the biofilm (Bitton, 2005).  
Algae and Cyanobacteria 
They grow on the surface of the biofilm. The difference between the algae and 
cyanobacteria (blue-green) is that the former are single or multicellular 
photosynthetic eukaryotes, while the latter are unicellular photosynthetic prokaryotes 
(Mara & Horan, 2003). Some examples of algae found in the reactor are Ulothrix, 
Phormidium, Anacystis, Euglena and Chlorella. During the daytime, they produce 
oxygen and some species of blue-green algae can also fix nitrogen. Compared with 
activated sludge, algae and fungi play an important role in fixed film process (Bitton, 
2005).  
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Protozoa 
These organisms help maintain active bacterial growth by consuming old biofilm 
bacteria, algae or other Protozoa. Most particularly bacteria have become detached 
from the biofilm. The protozoa occurring in filters are flagellates, ciliates and 
amoeba (Bitton, 2005). 
Invertebrates 
Several groups of invertebrates are found in fixed film reactor such as rotifers, 
nematodes, annelids and insects. They are also predators of biofilm bacteria. They 
loosen and decrease the amount of biomass in biofilm and as a result accelerate the 
rate of decomposition. Solbe (1974) reported that the performance of filters with flies 
and worms was more effective than a control without, also they help avoid clogging 
of fixed film reactor. Hawkes (1963) reported trickling filters were always clogged in 
winter time because of the low activity of invertebrates in cold weather. The 
nematodes also contribute to this process of keeping bacterial populations actively 
growing and distributed throughout the biofilm (Woombs & Laybourn-Parry, 1986). 
Pathogens 
Domestic wastewater brings a wide variety of pathogens such as salmonella, 
parasitic protozoa, the enteroviruses, rotaviruses and the eggs of parasitic worms. 
The biological filters have been reported to have a lower ability to remove a 
significant proportion of these pathogens compared to activated sludge corroborated 
by the generally lower solids quality of treated effluent. Normally, the pathogens are 
attached to the solids in the effluent (CIWEM, 2000).  
c. Files control 
Due to the sewage plants providing a favourable environment (high humidity, 
sufficient oxygen, enough food and ample space), fly growth and their escape from 
filters (see Figure 2.5.5). Thus, sewage flies (Psychoda) became a big challenge for 
the percolating filter. Even though the flies do not sting or suck blood, they are 
nuisances because of their number and a theoretical vector for disease. They are not 
known to transmit disease, but flies are reported to cause allergic bronchial asthma 
reactions (Ordman, 1946).  The flies have great reproductive capacity. Normally, a 
female fly lays 15 to 40 eggs which can hatch in 32-48 hours (Fair, 1934; Scott, 
1964). Also, the flies can survive a wide temperature range from 7-32C (45-90F) 
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and the optimum temperature for development is 29C (85F) (Biever & Mulla, 
1966). In percolating filters, the adult flies normally stay on the dry under-surface of 
the top media layer due to better oxygen and they are not easy to dislodge (Fair, 
1934; Otter, 1966).  
 
Figure 2.5.5: Life cycle of fly 
There is a significant variation fly numbers in different seasons. This is due to 
temperatures and the thickness of film on the filter media. Normally, the greatest 
population of flies occur in the first warm days of spring. Then, they reduce as the 
biofilm declines in the summer. In late summer the number of flies gradually 
increases to a peak. Due to a fall in temperature, a recession of breeding occurs in the 
autumn. Higher temperatures reduce the life span of the fly but speeds up the 
reproducing and maturing rate (see Table 2.5.1). A well-developed slime provides 
more space and food for larvae (Fair, 1934).   
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Table 2.5.1: Length of life cycle (Turner, 1923; Fair, 1934) 
 
 
Terry (1956) pointed out the size of media and concentration of sewage were the two 
main factors to affect the population of flies. He also mentioned that a small medium 
with weak sewage and large medium with strong sewage were likely to produce 
abundant flies, because both conditions created wet and badly aerated environment. 
The large sized media created shelter for flies to grow and breed without exposure to 
wet streams which would potentially drown or wash them away. The high organic 
content of sewage provides more nutrients for biofilm growth assisting larva 
breeding. Ali et al (1991) stated the population of larvae and pupae were in direct 
proportion to total organic loading.  
The population of flies need to be controlled not only because of hygienic 
considerations, but also because it affects the performance of the filter. Large 
numbers of filter fly can reduce nitrification rates in TF (Boller & Gujer, 1986). In 
very earlier stages of sewage treatment, filter flies were controlled by application of 
caustic soda, copper sulphate, kerosene-pyrethrum mixture and flooding the beds 
(Brothers, 1946; Frye et al., 1931). Flooding the bed is the most easy and economical 
way, however, this method is unsatisfactory in many cases because the sewage is not 
properly treated and if directly discharged into streams would cause pollution. Also, 
this method damaged the film and caused poor performance (Livingston, 1951). 
Otter (1966) provided a solution by regularly cleaning the media with high recycle 
rates using recirculation with effluent to wash away the organics, aerating the sewage 
before distribution and increase fly wash out.  
After the wide application of D.D.T., early researchers also used D.D.T. to control 
the flies and achieved significant success (Tomlinson, 1945; Carollo, 1946; Brothers, 
1946; Schaetzle, 1952). However, using D.D.T. was a serious impact ecology and 
human health due to accumulation in the food chain. Many countries banned D.D.T.. 
Temperature C Days 
16 22 
18 19 
21 16 
24 13 
27 10 
30 7 
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Later, there were some more specific biochemicals (such as pyriproxyfen and 
methoprene) to control flies and which did not affect other biology in the filter and 
had no affect on performance (Coombs et al., 1996; Kamei et al., 1993). Houston et 
al.(1989) have reported on using the bio-control agent Bacillus thuringiensis var. 
israelensis for fly reduction. They concluded the effect on the remaining biology of 
the filter, the receiving stream fauna and performance of the filter were minimal.  
Larvae and pupae exist through the whole section of filter. The highest density 
occurred in the top section from 7 to 30cm from the surface (Fair, 1934). Using small 
sized gravel at the top of layer could be effective to control flies due its smoother and 
consequently easier to wet surface and thus all stages of flies could be washed away 
more effectively by influent (Otter, 1966). Moreover, the smaller size media could 
secure flies inside the filter, the size of flies are about 2.5-3mm for males and 4-
4.5mm for females (Fair, 1934). The flies can easily pass through large medium, but 
the smaller media with continuous stream acted as a cover and avoided flies 
escaping.  
Biological control Chemical Control Physical control
By repellents
By contact 
insecticides
By film-destroying 
compounds
By Bio-pesticide
By burning
 by flooding
By drying
By surface barriers 
and tight walls
By glass-overs or 
other covers.
By smaller size media
By bait container
By natural enemies of Psychoda
(such as Birds and predatory flies; 
spiders and mites; Parasites)
By animals that compete for the food of 
Psychoda
(Water springtails; Spiders and mites; 
snails, leeches and worms) 
 
Figure 2.5.6: Flies control methods (Fair, 1934; Herms, 1930; Parker et al., 1997) 
d. Odour control  
Sewage contains valuable nutrients for organisms. It is an advantage to utilise 
biological processes such as trickling filters and activated sludge. Under proper 
management, these processes do not lead to a serious odour nuisance. Normally, the 
problems occur in the sewer where the anaerobic conditions of the raw sewage 
(Eliassen & Vath, 1960). The continued growth of bacteria under anaerobic 
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conditions degrades organic matter and nutrients to release malodorous by-products. 
For example, organic sulphur compounds release hydrogen sulphide (H2S) which is 
dissolved in the wastewater, but is also very volatile (details see Figure 2.5.7). If the 
sewage contacts with air (for example in pumping stations), H2S will volatilise into 
the air, causing an odour problem (UKWIR, 2014). H2S will also condense in water 
to form corrosive sulphuric acid. It is reported to be a particular problem with TF 
because of the limited and passive aeration system and limited dissolved oxygen 
compared to A/S. 
 
 
Figure 2.5.7: A simplified integrated aerobic and anaerobic concept for transformation of organic matter 
and sulphur components of wastewater in sewers (Hvitved-Jacobsen & Vollertsen, 2001) 
Specific substances have objectionable odours both as inorganic and organic 
compounds. The malodorous inorganic gases caused by biological activity in sewage 
collection and treatment units are hydrogen sulphide and ammonia. The organic 
odours usually arise as results of anaerobic decomposition of organic compounds 
containing nitrogen and sulphur, mercaptans, indoles, skatoles, organic acids and 
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organic sulphides (Dague, 1972). Odorous compounds and literature are summarised 
in Table 2.5.2. 
Table 2.5.2: Summary of major odour causing chemicals (Dague, 1972) (Gostelow et al., 2001) 
Class Compound Chemical formula Characteristic 
Odour 
Thresholds 
(ppb) 
Sulphurous Hydrogen 
sulphide 
H2S Rotten eggs 0.4 
Dimethyl sulphide (CH3)2S Decayed 
vegetables, garlic 
- 
Diethyl sulphide (C2H5)2S Nauseating, ether - 
Diphenyl sulphide (C6H5)2S Unpleasant, burnt 
rubber 
0.048 
Diallyl sulphide (CH2CHCH2)2S Garlic - 
Carbon disulphide CS2 Decayed 
vegetables 
2.8 
Dimethyl 
disulphide 
(CH3)2S2 Putrification - 
Methyl mercaptan CH3SH Decayed cabbage, 
garlic 
1.1 
Ethyl mercaptan C2H5SH Decayed cabbage - 
Propyl mercaptan C3H7SH Unpleasant - 
Allyl mercaptan CH2CHCH2SH Garlic 0.05 
Crotyl mercaptan CH3CHCHCH2SH Skunk, rancid 0.029 
Benzyl mercaptan C6H5CH2SH Unpleasant 0.19 
Thiocresol CH3C6H4SH Skunk, rancid 0.1 
Thiophenol C6H5SH Putrid, nauseating, 
decay 
0.062 
Sulphur dioxide SO2 Sharp, pungent, 
irritating 
9 
Nitrogenous Ammonia NH3 sharp, pungent 37 
Methylamine  CH3NH2  Fishy 1-50 
Dimethylamine  (CH3)2NH Fishy 20-80 
Trimethylamine  (CH3)3N  Fishy, ammoniacal 0.2 
Ethylamine  C2H5NH2  Ammoniacal 2,400 
Pyridine  C6H5N  Disagreeable, 
irritating 
- 
Indole  C8H6NH  Faecal, nauseating 1.5 
Acids Acetic (ethanoic) CH3COOH  Vinegar 37 
Butyric (butanoic) C3H7COOH Rancid, sweaty 0.05-2.0 
Valeric 
(pentanoic) 
C4H9COOH Sweaty 4,600 
Aldehydes 
and ketones 
Formaldehyde HCHO Acrid, suffocating 37 
Acetaldehyde CH3CHO Fruit, apple 0.005-2.0 
Butyraldehyde C3H7CHO Rancid, sweaty - 
Isobutyraldehyde (CH3)2CHCHO Fruit - 
Isovaleraldehyde (CH3)2CHCH2CHO Fruit, apple - 
Acetone CH3COCH3 Fruit, sweet 4,600 
Butanone C2H5COCH3 Green apple 270 
Sewage composition, temperature and detention time are the main parameters 
affecting malodour generation. Based on these factors, many researchers have 
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developed predictive models to calculate odour generation in sewers. Hydrogen 
sulphide and ammonia are the predominant objectionable odours in wastewater 
(Gostelow et al., 2001). Most equations predict H2S as the most malodorous at the 
lowest concentration: 
Hydrogen sulphide emission:  
Equation Reference 
∅se = 1.0 × 10
−3 ∙ BOD ∙ 1.07(T−20) (Pomeroy, 1959) 
 ∅se = 0.228 × 10
−3 ∙ COD ∙ 1.07(T−20) (Boon & Lister, 1975) 
∅se = 0.5 × 10
−3 ∙ u ∙ BOD ∙ (SO4)
0.4 × 1.14(T−20) (Thistlethwayte, 1972) 
∅se = 1.2 × 10
−3 ∙ (COD − 50)0.5 ∙ 1.07(T−20) (Nielsen & Hvitved-Jacobsen, 1988) 
 Where:  
∅𝑠𝑒 = 𝑠𝑢𝑙𝑝ℎ𝑖𝑑𝑒 𝑓𝑙𝑢𝑥 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑠𝑙𝑖𝑚𝑒 𝑙𝑎𝑦𝑒𝑟 𝑖𝑛𝑡𝑜 𝑡ℎ𝑒 𝑠𝑡𝑟𝑒𝑎𝑚, g/m
2/hr 
𝐵𝑂𝐷 = 𝐵𝑖𝑜𝑐ℎ𝑒𝑚𝑐𝑖𝑎𝑙 𝑜𝑥𝑦𝑔𝑒𝑛 𝑑𝑒𝑚𝑎𝑛𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑒𝑤𝑎𝑔𝑒, mg/l 
𝐶𝑂𝐷 = 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑜𝑥𝑦𝑔𝑒𝑛 𝑑𝑒𝑚𝑎𝑛𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑒𝑤𝑎𝑔𝑒, mg/l 
𝑆𝑂4 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑢𝑙𝑓𝑎𝑡𝑒, mg/l 
𝑢 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, m/sec 
𝑇 = 𝑠𝑒𝑤𝑎𝑔𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, C 
Ammonia emission: 
𝐽 = 1.21𝐾𝐿 × (𝑇𝐴𝑁 −
𝑁𝐻3
𝐻𝑁
) 
Where, 
𝐽 = 𝑎𝑚𝑚𝑜𝑛𝑖𝑎 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑙𝑢𝑥, g/m2/s 
𝐾𝐿 = 𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑚𝑎𝑠𝑠 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 ,m/s 
𝑇𝐴𝑁 = 𝑎𝑚𝑚𝑜𝑛𝑖𝑎 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟, mg 
𝑁𝐻3 = 𝑎𝑚𝑚𝑜𝑛𝑖𝑎 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑔𝑎𝑠 
𝐻𝑁 = ℎ𝑒𝑛𝑟𝑦′𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑁𝐻3  
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𝐴 =
𝐽 × 𝑆
𝑄𝑡
 
𝐴 = 𝑎𝑚𝑚𝑜𝑛𝑖𝑎 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟,g/m3 
𝑄𝑡 = 𝑡𝑜𝑡𝑎𝑙 𝑓𝑙𝑜𝑤, m
3/s 
𝑆 = 𝑎𝑟𝑒𝑎, m2 
(Gu et al., 2012) (Visscher et al., 2002) 
Both H2S and NH3 volatility are sensitive to pH. Ammonia is produced by alkaline 
conditions and H2S by acidic conditions.  
Odour Treatment: 
It was realised from early research that long retention times within the sewage 
system increased odour generation. For example, Abernathy et al. (1941) reported a 
reduction in odour release by reduced sewer retention by frequent cleaning of screens 
and the use of one primary sedimentation tank instead of two. They also found that 
dilution of the raw sewage by adding cooler and fresh river water to the sewer was 
also other way in hot and dry weather. The method increased dissolved oxygen, 
reduced sulphate concentration and cooled the sewage.  
Bryan (1956) found sulphide formation would be controlled by injecting air, because 
abundant oxygen in the sewage will increase the redox potential, dilute the off gases 
and so help to avoid malodour generation. Laughlin (1964) also mentioned pre-
aeration of the wastewater in the sewer was an effective, economical and reliable 
method for reducing H2S.  
Chlorine has been used since 1884 for deodorisation purposes. In 1911, it was used 
for odour control at a sewage works (Jones, 1932). The researchers found it retarded 
bacterial growth and oxidised both hydrogen sulphide and ammonia (Dague, 1972; 
Gascoigne, 1931). The method was developed and introduced in the field by many 
researchers (Houser, 1934; Goudey, 1929; Rose & Enslow, 1931). The general 
thinking at that time was summarised by Morris M. Cohen as a memorable 
expression “The Three C’s of Odour Control”. The C’s were: Care, Cleanliness and 
Chlorination (Agar et al., 1941). However, more recently research has shown that 
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Chlorine can cause its own by-product problems leading to secondary pollution and 
impact on water ecology (Blatchley et al., 1997; Karr et al., 1985). In order to avoid 
this problem, safer technologies for treating odour have been introduced, such as 
nitrate, plasma, UV, membrane and bio-filtration. The major treatment technologies 
are summarised in Figure 2.5.8.    
 
Figure 2.5.8: Main odour control technologies (Noyola et al., 2006) 
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2.6. Parameters Affecting TF Performance 
In this section, the parameters affecting TF performance are discussed: (a) design and 
(b) operational parameters.  
a. Design Parameters 
Before construction a TF, the key elements need to be carefully considered and 
designed such as media, depth, distribution and underdrain system.  
Media types  
The media in a percolating filter is one of the most significant influences on 
performance. It is fundamental to support the biological film and the associated fauna 
(Gray, 2004). Normally, the ideal media should have the following properties: high 
specific surface area, high void space, light weight, biological inertness, chemical 
resistance, mechanical durability and low cost (Adams et al., 1999). Table 2.6.1 
show the character of some commonly used media in trickling filter application. TF 
media can be divided into three kinds: random, stacked and modular. Based on the 
orientation of the media in the filter, Random media is composed of small individual 
components, such as crushed stone, ceramic and plastic shapes. The media is poured 
into the reactor with a random orientation. The stacked media are individual blocks 
and filled by hand in a specified direction. The modular media are placed by hand in 
fixed direction and consist of relatively large integrated arrays of plates or channels. 
Some modules may be shaped in the field to fit (Chen, 2003).  
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Table 2.6.1: Characteristic of filter media (Adams et al., 1999) 
Media type Nominal 
Size(cm) 
Density(kg/m3) Specific Surface 
Area(m2/m3) 
Porosity 
(%) 
Redwood 122 × 122 × 51 144-176 39-49 70-80 
Blast furnace 5.1-8.1(small) 897-1201 56-69 40-50 
Slag 7.6-12.7(large) 800-993 46-59 50-60 
River Rock 2.5-6.6(small) 1249-1442 56-69 40-50 
 10.2-12.7(large) 800-993 39-49 50-60 
Plastic     
    Surpac - 58 82 94 
    Koroseal - 43-56 131 94 
    Flocor - 66 95 95 
PVC Tubes     
    Cloisonyle - - 226 - 
Raschig Rings     
    Ceramic 0.60-10.2 577-961 46-712 62-80 
    Carbon 0.60-7.6 368-737 400-695 85-95 
    Steel 1.27-7.6 400-1201 66-400 85-95 
Pall Rings     
   Ceramic 5.1-7.6 609-641 66-95 74 
   Steel 2.5-5.1 384-481 102-207 94-96 
   Polypropylene 2.5-8.9 68-88 85-207 90-92 
Ceramic Berl 
Saddles 
0.6-5.1 625-897 105-899 60-72 
Ceramic Intalox 
Saddles 
0.6-7.6 593-865 92-984 75-80 
Trusdale et al. (1962) compared several sizes of media and concluded smaller 
produce a better quality of effluent than larger grades of same medium at the same 
rates, but were more vulnerable to blockage and overloading as consequence. Rough 
surface media also gave better performance than smooth surface material. 
Traditionally, gravel is often used in the trickling filters. Its obvious advantage is low 
cost, but it can be difficult to obtain uniform size, the uniformity of size helps create 
enough void space for wastewater flow and air circulation. Commonly, 
recommended sizes of filter media are within the range from 40-50mm used for low 
rate filtration (CIWEM, 2000). Smaller dimension rock could provide restricted void 
space, but the larger diameter provides insufficient surface area for bacteria growth 
and mass. Media also need to be to have high strength, absence of fines, uniformity 
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of shape, insolubility and chemical resistance to the applied wastewater, resistance to 
extreme weathering, non-toxic to microorganisms, immunity to bacterial attack and 
degradation by ultraviolet light (WPCF, 1988). Belinda et al. (2007) also indicated 
that gravel filters also had the ability to flocculate and remove insoluble heavy 
metals, but their experiments also showed that gravel was not effective for removal 
of nutrients and other dissolved material removal.   
Depth 
The majority of models indicate that trickling filter performance improves as the 
media depth is increase. Most of filter are designed the depth from 1.5 to 2.5m 
(Särner, 1986; Grady et al., 1999). In single-pass low rate filters, the most BOD5 is 
removed top 300mm and 75% of BOD is removed in the upper 900mm of the 
packing. Only a small amount of BOD was removed below 900mm. High rate filters 
require more depth for the greater surface area to oxidise the increased organic load. 
The depth of high rate filters using plastic media are >5m but exceed 7m in some 
cases. To control construction costs, Gray (1980) studied the performance of low and 
high rate filters at different depths. Suspended solids removal happened in the top 
900mm at both low and high loading rates and it was found to be related to the 
adsorption capacity of the film. Nitrification on the other hand was restricted to 
depths below 900mm or 1500mm in high rate or excluded altogether at higher loads. 
As a result, it was concluded low rate filters require a minimum depth of 1m to 
ensure adequate BOD and suspended solids removal and a minimum depth of 1.5m 
for nitrification.   
Influent distribution system  
Influent is applied to filter through a distribution system. The effective distribution 
system should be designed in a way to ensure the whole media is under the same 
hydraulic loading, but it is difficult to achieve in practice. Poor distribution will 
cause un-wetted media, poor biofilm growth and would result in low specific 
performance (Marquet, 1999).  
Distribution systems can be categorised as fixed or rotary distributors. Before the 
1930s, trickling filters were fed by fixed nozzle distributors. This type of distributor 
is still used today, but it is restricted to either small-scale filters or very high rate 
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filters. Currently, most of biological filters are designed to be circular in enabling 
simple with rotary distributors (WPCF, 1988).  
a) Fixed distribution systems 
The spray nozzles are usually installed laterally by across the filter often with splash 
plates placed on or just above the media surface. The system is composed of main 
distribution and lateral pipes. The laterals and nozzles are sized and spaced to try to 
obtain uniform distribution. The majority of nozzles are a circular orifice with a 
deflector plate. The older fixed systems are fed influent intermittently through a 
dosing tank. To give sufficient force to ensure good wetting the rest period between 
doses is generally from 0.5 to 5 minutes to avoid drying. The main drawbacks of 
fixed nozzle systems are non-uniform wetting and low hydraulic loading on the filter 
surface, great lengths of pipes, frequent plugging of the nozzles and difficulty of 
application in the large scale plants (WPCF, 1988).  
Theoretically, uniform distribution of wastewater can be obtained with a fixed nozzle 
distributor, however, experience indicates that uniform distribution is very difficult 
to achieve. Fixed nozzles must emit a fine spray to provide uniform application over 
the trickling filter. This generally requires relatively small openings, but since most 
wastewater contains some particulate matter, small opening are prone to plugging, 
which disrupts flow distribution. Consequently, fixed nozzle designs generally 
represent a compromise between flow distribution and plugging potential. The poor 
operating characteristics of fixed nozzle distributors can be mitigated to a certain 
extent by using recirculation flows to increase the applied total hydraulic loading 
(Grady et al., 1999).    
b) Rotating distribution systems 
The systems are composed of one or more horizontal pipes supported by a rotating 
central column. The distributors rotate to uniformly distribute wastewater over the 
filter media through orifices on one side of the horizontal arms. The movement of 
distributor at smaller works can be powered by the force of wastewater discharging 
from these horizontal holes. In some cases, to control the development of flies and 
avoid low flow rate, electric motors have been retro-fitted to maintain uniform flow 
through the system. A fast-opening device provides at the end of distribution for 
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cleaning and to avoid for coarse solids accumulation in each arm. The size of cross 
section of the arms decreases with distance from the centre column and a spacing of 
the orifices are designed to provide uniform flow distribution over the entire filter 
area. Plastic or other noncorrosive material spreader plates are installed at each hole 
for better distribution. The range of rotational speed of arm is from 0.1 to 2 rpm and 
the recommendation is not to exceed 1.2m/s at maximum flow (WPCF, 1988).          
Rotary distributors give better performance than fixed nozzles for a variety of 
reasons. Most important are the uniformity of distribution of wastewater and less 
blockage. Another benefit of using rotary distributor is that the instantaneous 
hydraulic loading rate is dramatically higher and this higher rate can remove surplus 
biomass, inhibit fly escape and consequently, the biofilm is thinner and in a more 
active condition (Grady et al., 1999).       
The underdrain system 
The underdrain system is made up of a perforated slab, or grids using corrosion 
resistant materials and channels installed beneath the filter. To allow effluent 
discharge to the centre or circumference of the filter, the underdrain block typically 
has a slope at a 1 to 5% to ensure a minimum self-cleaning velocity of in the effluent 
channels of about 0.6m/s. The main aims of underdrain system are to support the 
media, collecting effluent and conveying air through the filter (Sperling & 
Chernicharo, 2005; WPCF, 1988).   
For the rock media filters, the drainage system is always designed with precast 
vitrified clay blocks, so that the underdrain system is strong enough to support the 
packing medium, biomass and water in the filter. Two types of underdrain blocks are 
commercially available: standard and high rate. The high-rate blocks have deeper 
channels with greater capacity to ensure sufficient capacity for air circulation and 
effluent collection. The channels are therefore sized to flow no more than half full 
during the design peak hydraulic loading at an average daily flow rate to ensure 
ventilation is maintained (Sperling & Chernicharo, 2005; WPCF, 1988). In some 
designs, the reactors also have vertical vent pipes which extend through the entire 
media within the reactor to help air circulation.  In some cases, these drainage and 
ventilation pipes extend through the bottom periphery of filter wall. This helps with 
flushing and inspecting the system (WPCF, 1988). 
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a. Operational Parameters 
The operational parameters for TF include hydraulic loading, organic loading, 
frequency of dosing, temperature, nutrients, pH, biofilm development, retention time, 
dissolved oxygen, toxicity and influent particle.  
Hydraulic loading 
Hydraulic load is a key element of TF operation because its linkage to total organic 
load. An excess hydraulic load could cause biofilm sloughing and a lower load could 
result greater biofilm accumulation or film drying (Wik, 2003). Normally, if the 
hydraulic loading <3𝑚3/𝑚2 ∙ 𝑑, they are classed as low rate and >3 𝑚3/𝑚2 ∙ 𝑑 high 
rate (detail see Table 2.4.1: Typical Design information for trickling filters (Adapted 
from Tchobanoglous et al., 2003 and WEF, 1996)). Lower rate single filtration 
usually operate at hydraulic loads <0.4 m3/m3.d (Gray, 2004). For high rate filters the 
hydraulic loading rate is usually between 15 to 117𝑚3/𝑚2 ∙ 𝑑 including recycle 
typically 10:1. The plastic sheet media can carry these higher hydraulic loading 
better than rock media. The plastic media commonly use loading rates from 44 to 
117𝑚3/𝑚2 ∙ 𝑑. The lower hydraulic rate produces longer detention time and thicker 
biomass than high hydraulic rate, but the high rate gives a better aeration of the 
biofilm (WPCF, 1988).   
Organic loading 
The organic loading is the other basic design principle of trickling filter design. It 
affects the removal rate of organic matter by the treatment plant and also influences 
the growth rate of the film by mass transfer from the waste into film. The applied 
organic loading in percolating filters vary from 0.08 kg BOD/ m3.d in low rate filter 
to 1.6kg BOD/ m3.d in roughing filters. Normally, the efficiency of treatment or 
effluent quality reduces when the organic loading rate increase. Normally, single 
filtrations are at low rate 0.10-0.12kg BOD/ m3.d (Gray, 2004).  
Frequency of dosing  
The frequency of dosing is also a main element affecting trickling filter performance. 
Continuous dosing has been shown as the most effective method for higher load TF 
(Montgomery, 1941). The first detailed study of the effects of intermittent dosing 
was done by Lumb & Barnes (1948) who pointed out that 4 to 9min rest period 
achieved the maximum BOD removal. This allowed better ventilation and drainage. 
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Tomlinson & Hall (1951) reported similar research findings and confirmed that 
optimum rest period was between 4 to 8 min. Cook & Leonard (1976) investigated 
an optimal dosing program for plastic media and concluded spraying for 5min and 
rest for 5min. Metcalf (1972) on the other hand concluded that a rest period 
minimum of 30sec for fixed nozzles would be enough. The interval time should be to 
ensure the biofilm was kept wet and Tomlinson and Hall (1951) did further research 
and reported that the frequency of dosing for low rate filters could be between 15 to 
30 minute intervals in Europe where damp conditions helped to maintain wetting. 
The earlier research by Lumb & Barnes et al. (1948) has shown intermittent dosing 
also controls the accumulation of film and reported that less film accumulated at 
lower dosing frequencies and resulted in better quality of effluent.  
Gray (2004) also reported benefits to use large doses at intervals under low rate TF 
conditions. By this means, each segment of the filter bed was subjected to a surge of 
flushing liquid followed by a long period without any flow before the next dose. 
Thus it can be concluded that the ideal dosing rate for smaller decentralized works 
would have rest periods between 4-6 minutes to avoid drying. 
Temperature  
Temperature is one of the most important factors affecting percolating filters. Under 
cold conditions, the performance of the filter declines significantly particular with 
regard to nitrification (Pearce & Jarvis, 2011). For example, the nitrification reactor 
could decline by 70% or more when the temperature dropped from 26°𝐶 to 20°𝐶 
(WEF, 2007). Therefore, to ensure operation is maintained against sharp temperature 
drops. The design needs to take the local ambient conditions into account (Grady et 
al., 1999). Gray (2004) highlighted the application of the basic Arrhenius model that 
the metabolic rate of micro-organisms increases with temperature, in particular 
metabolic and the rate of treatment doubling for every 10°𝐶 increase within the range 
5-30°𝐶. Also, Honda (1981) reported that the mean growth rate of biofilm was at 
maximum when the temperature reached 15ºC. On the other hand warmer 
temperatures reduced oxygen solubility which increased the risk of odour and poor 
nitrification. Local temperature conditions would therefore need careful 
consideration.  
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Nutrient  
Nitrogen (N) and P are essential nutrients for bacterial growth. In order to be 
absorbed by the bacteria, they need to be soluble N as ammonia and P in the 
orthophosphate form. The nutrient ratio required for aerobic biological processes are 
BOD5: N: P=100:5:1 (WEF, 2007). Similar figures were reported by Mara and Horan 
(2003). Normally, an optimal C/N ratio for maximum treatment was less than or 
equal to 18. When the value was above, the performance decreased. 
Domestic wastewater is also rich in all the trace nutrients which are necessary for 
bacterial growth. On the other hand wastewater from industrial sources many lack 
essential trace nutrients N,P,S and other nutrients to encourage normal bacterial 
growth. Therefore, if possible it is very important to mix domestic and industrial 
wastes to optimise treatment (WEF, 2007).      
pH 
pH effects biofilm growth. The pH for fungi is broader and about 2.5-9 and optimal 
pH<6.5 (Mara & Horan, 2003). The ideal pH range for bacteria is between 6.8 and 
7.2. Although bacterial growth pH is possible between 5 to 9, a rapid change in pH 
values is the worst situation for the treatment process. An extreme pH could be 
caused by periodic discharges of industrial wastes or poorly buffered natural waters 
(WEF, 2007). 
The trickling filters and suspended growth treatment require the same neutral pH for 
removing BOD5. Nitrifying filters may develop low pHs as a result of nitrification of 
ammonia and nitric acid formation. Parker et al. (1975) suggested that the 
nitrification rate increased with pH, up to pH 8.4 providing alkalinity for the process. 
When the pH is 7.1, the rate is only half the maximum when the pH is 7.8 where the 
rate can reach 90%. However, some people also reported that there was no increase 
in nitrification rate when the pH was above 7.2 (Chen, 2003).  Bock et al. (1986) also 
suggested that the favourable pH range for nitrification was 7.5-8.5. Thus it may be 
concluded that these slightly alkaline conditions 7.4-7.8 would be the ideal pH for 
TF.  
Film development and thickness 
After the film is properly developed, the filter results are at their best performance. 
Normally, the film needs 3-4 weeks to form in the filter during summer time, and 
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about 2 months in the winter. The bio-film establishes on the surface of media when 
enough nutrients, mineral salts, and oxygen are available. To ensure the performance, 
the wastewater distribution is key factor for keeping medium wetting (see Frequency 
of dosing).  
The film development is due to an increase in biomass and particulate matter 
accumulation. Therefore, the limiting nutrient is the most effective way to control 
biofilm accumulation. Excessive growths can cause clogging which reduces air 
circulation and prevents even distribution of wastewater. The film thickness is a 
critical parameter in the microorganism metabolism. Few experiments have 
investigated the relationship between film thickness and performance. The thickness 
attained before limitations of either oxygen or nutrient are reached on the basal 
organisms is quite small <1mm (Robert, 1973). McKinney (1962) suggested that thin 
slimes can achieve better performance in a trickling filter. Hawkes (1963) also stated 
that the thin film was very important for effective percolating filters and discussed 
the impact of grazers on film thickness. Schulze (1957) and Eckenfelder & O'Conno 
(1961) mentioned the ideal thickness range was from 0.06 to 2.00mm. Robert et al 
(1973) stated that this thickness range was possibly an overestimate, because 
McKinney (1962) and Hawkes (1963) estimated the range between 0.7 and 120μ, 
although controlling to this thickness is impractical.  
Retention time  
The duration of liquid retention within the filter is an important parameter of filter 
performance (Eckenfelder & O'Conno, 1961). Results show that the longer contact 
time between wastewater and the bio-film, the better effluent quality produced due to 
increased retention which allows greater adsorption of particulate matter and 
maximum exchange of nutrients (Gray, 2004).  
Eden et al. (1964) found that there were three factors controlling retention time, the 
hydraulic flow, film accumulation, and the size and shape of the filter medium. 
Normally, increases in hydraulic flows should decrease retention time, however, for 
certain random plastic filter medium the increased hydraulic loading can give better 
redistribution from the distributor and wastewater within the bed, therefore 
increasing the retention time (Bruce et al., 1975; Porter & Smith, 1979). 
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Dissolved oxygen and Ventilation 
Dissolved oxygen is vital for the respirometric aerobic bacterial activity in the bio-
film process. The oxygen is fed into the bio-film by water flows over the media. Low 
dissolved oxygen or high organic loading in the filter can cause odour problem. In 
order to prevent odour problems, some bio-towers are designed for loadings less than 
0.24 BOD5/ m3.d (WEF, 2007). 
Ventilation provides oxygen to maintain aerobic conditions which are necessary for 
the most effective wastewater treatment (Sperling & Chernicharo, 2005). The oxygen 
is taken by microorganisms for decomposing wastewater via ventilation through the 
underdrain system. The air passes through the filter by natural draft due to the 
temperature and humidity differences between the air inside and outside the reactor. 
During the winter season, the upward flow of air occurs in the reactor due to the air 
entering beneath the reactor heated by wastewater at the top. However, the opposite 
may occur if the air temperature is warmer than the sewage (Gray, 2004). Typically, 
the temperatures of sewage are relatively constant in a day. Figure 2.6.1 shows 
ambient air temperature was equal to the wastewater temperature at two instances per 
day (Grady et al., 1999). During this period, the air densities between the inside and 
outside are same. Consequently,   there is no motive force to move air and little or no 
air flow through filters by natural draft ventilation. This would reduce the oxygen 
available for aerobic treatment system, but it can be tolerated temporarily and in 
theory could be beneficial to de-nitrification and P precipitation (Gray, 2004).    
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Figure 2.6.1: Effect of relative temperatures of air and wastewater on natural draft ventilation (Grady et 
al., 1999).  
In some instances, the air flow to the reactor needs to be controlled and a forced draft 
ventilation system is required. The natural draft process requires sufficient open area 
and gap between the wastewater surface in the underdrain system and the bottom of 
the media. To overcome these limitations, the forced draft ventilation provides 
movement of air with fan through the media. A suggested figure has been published 
for the air flow which could be 0.3m3/m2 (Davis, 2010). Most of the full scale 
trickling filter used natural draft ventilation. In order to improve the performance of 
filters and reduce the production of odours, the forced natural draft ventilation could 
be more widely used in the future (Grady et al., 1999).   
A low rate trickling filter requires a rate of oxygen uptake about 0.273kg m-3d-1, 
where 0.187kg m-3d-1 is required for heterotrophic oxidation and 0.086 kg m-3d-1 for 
nitrification (Montgomery & Bourne, 1966), and 1.49kg m-3d-1 for high trickling 
filter (Bruce & Merkens, 1970). The consumption rate of oxygen depends on media 
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specific surface area because it controls the mass of film development. It was 
calculated that a specific surface area of 200m2m-3 could transfer a maximum of 1.9 
kg m-3 d-1. In the low rate filters, the rate of oxygen consumption is fairly uniform. 
The oxygen utilisation of carbonaceous bacteria decreases with depth as nutrient is 
removed, but consumption increases with depth for nitrification (Gray, 2004).    
Toxicity 
Compared with activated sludge systems, the bio-film systems are less affected by 
toxicity and shock loads. This is partly due to the limited HRT but also associated 
with the plug flow hydraulic pattern. Nevertheless, toxins would still greatly reduce 
the performance or cause a biological inhibition. The most common causes are 
complex substances such as heavy metals, pesticides, other preservatives inorganic 
solids and chlorine. Therefore, it is important to control industrial waste to avoid 
causing a toxicity problem (WEF, 2007).  
Influent particle size 
The size distribution of influent has also been found to affect trickling filters 
performance. The smaller size of organic matter produces better removal results due 
to higher diffusion coefficients (Logan & Wagenseller, 2000). The previous studies 
showed appropriate particle size distribution of influent can improve efficiency and 
capacity. Sophonsiri and Morgenroth (2004) pointed out particle size distribution 
affect nutrient removal, especially for phosphorus removal, due to large particles 
formed by large fraction of organic matter, they could cause a slow hydrolysis rate 
and carbon limited. Bouwer (1987) mentioned the performance of a biofilm reactor is 
influenced by influent size distribution. He also suggested the submicron particles 
would be removed by diffusion and interception in systems with small sized media 
and attracted on the surface. Large particles (>10µm) are removed by sedimentation 
within the horizontal biofilm surface. Levine et al. (1985) used pulsed bed filtration 
to remove the large, less readily degraded material from sewage before high rate 
trickling filters. Because of enzymatic hydrolysis in liquid stream and recirculation 
from pumping could reduce large particles for more efficient removal by adsorption. 
Similar, Mastumotoa and Weber (1988) used a fine-grained, shallow-bed, air-pulsed 
filter as a primary influent treatment before trickling filter. They found that 
suspended solids and BOD5 were efficiently removed by the process and benefited 
final effluent quality. Also, the authors stated the size of trickling filter could be 
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reduced and both hydraulic and organic loading rates could be increased by adding 
the pre-treatment.  
Dissolved organics should be efficiently removed by adsorption and diffusion within 
biofilm, however, molecular size and size distribution could affect removal rate. 
Carlson and Silverstein (1998) studied several dissolved compounds and found 
sorption was inversely proportional to its molecular size. That could be due to 
biofilm acting as a molecular sieve. When the size of the organics is too larger to 
pass through, the organic matter cannot diffuse into the biofilm.  
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2.7. Filter media 
The filter media characteristics have been shown to be a key element for TF and this 
research follows on from this review. For the less developed counties and areas, the 
most easy available and lower cost are important. Therefore, construction waste 
material and mineral aggregates were considered. Their chemical composition and 
performance have been reviewed.  
a. Maifan stone  
Maifan stone (MFS) is a material of particular interest for use in TF. It has been used 
as a medicine stone in ancient China A.D. 300. Beneficial trace elements for health 
could be released such as Na, K, Fe and Ca (Muto et al., 1995; Nakamura et al., 
1996). Tsubaki et al. (1993) stated that skin disease could be treated by MFS. 
Recently, it was introduced into wastewater treatment area as filter media due to 
chemical absorption properties. Its main constitutes are SiO2, Al2O3, FeO, Na2O, 
K2O, CaO and Fe2O3. A summary of the published chemical composition is shown in 
Table 2.7.1.  
Table 2.7.1: Chemical composition of Maifan Stone 
Contents (%) References 
SiO2 Na2O Al2O3 K2O CaO TiO2 Fe2O3 MgO MnO2 P2O5 FeO H2O 
69.76 4.84 15.46 4.12 2.09 0.36 1.38 0.68 0.06 - 1.25 - (Hong et al., 
2006) 
70.13 8.23 15.84 2.60 1.4 0.57 0.68 0.42 - - - - (Guan et al., 
2011) 
69.76 3.16 14.01 3.19 2 0.3 1.29 3.55 0.02 0.26 1.4 1.06 (University 
of California, 
1987) 
48.35 2.47 8.41 0.27 3.18 0.38 3.59 1.77 0.1 - - - (Tsai et al., 
2007) 
69.97 3.34 13.31 3.12 2.16 0.26 1.23 3.62 0.02 0.19 1.44 0.92 (Muto et al., 
1995) 
63.14 2.24 13.82 5.08 2.24 - 4.69 2.02 - - - - (Li et al., 
2009) 
63.68 4.34 16.55 3.27 3.87 0.65 2.12 1.56 0.1 0.29 2.14 1.04 (Jin et al., 
1987) 
67.11 3.12 16.13 1.83 3.11 - 3.43 - - - - - (Fu et al., 
2011) 
59.22 1.50 18.48 9.33 3.76 0.12 0.74 0.56 0.08 0.22 0.58 - (Tang & He, 
2010) 
69.76 3.16 14.01 3.1 2.0 0.3 1.29 3.55 0.02 0.26 1.4 1.06 (Zhao & 
Zhou, 1987) 
68.83 3.47 15.36 3.94 2.35 0.43 2.01 1.11 0.09 0.20 2.06 0.89 (Zhang & 
Zhao, 2009) 
69.76 3.16 14.01 3.19 2 0.3 1.29 3.55 0.02 0.26 1.4 - (Ishikawa et 
al., 1995) 
MFS has been used in drinking water treatment. Chlorine, COD, and trihalomethanes 
are reported as removed, as well as providing pH correction. MFS has also been used 
in agriculture as a growth promoting agent (Takeda et al., 2007). Results published 
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by Azad et al. (2003; 2013) suggested that water pre-treated by MFS improved the 
growth of plants, due to the fact that MFS changes the properties of water (Azad & 
Ishikawa, 2003). Also, application of MFS as soil conditioner was reported to 
increase plant yield by 25% (Ablaza et al., 2012).  
The earliest paper found on MFS application for wastewater treatment was in Japan 
in 1966 for removing Hg, it was reported to absorb 86.9% of Hg (Cheng et al., 2005). 
There has also been some research work on adsorption of other heavy metals by Gao 
and Rong (1997) who carried out MSF absorption tests. The tests showed that 
absorption capacity was as follows Pb2+ > Cu2+ > Zn2+> Cd2+, the removal of Pb2+ 
and Cu2+ could reach more than 90% under experimental conditions. In terms of the 
mechanism, Liu et al. (1993) stated MFS removal of heavy metals was dependent on 
ion exchange. During the test, the ions (e.g.Ca2+, K+, Na+) were released, exchanging 
with these metallic cations and forming a stronger bond with the MFS. It was 
reported that MFS has a high absorption capacity and lower desorption rate for heavy 
metals, but the effectiveness depended mainly on pH and size of MFS. Xia (2000) 
and Gao (1997) suggested the best results were achieved in the pH range between 4 
and 8, and recommended the particle size between 0.09-0.18mm.  MFS was also 
reported as potential treatment for TN, TP and COD removal (Wu et al., 2012; Tang 
et al., 2007; Muto et al., 1995). Wu et al (2012) pointed out that the media removed 
40% of TN. Zhou et al. (2011) suggested combing zeolite and MFS could effectively 
remove both nitrogen and phosphorus. MFS has also been used for treating 
radioactive waste liquid (Deoxycytidine triphosphate) (Xin & Su, 1990).  
In order to enhance the adsorption property of natural MFS, some researchers have 
developed modifications to MFS. Guan et al (2010; 2011) suggested a method for 
pre-treating MFS by chemicals or heat. Fu et al. (2011) also recommended pre-
treatment of MFS by NaCl to improve absorption capacity for ammonia. Li et al 
(2009) reported the composite adsorbent properties of MFS was improved when 
combined with Chitosan and in these tests was demonstrated to absorb more than 
95% of Zn2+. They also compared the performance with activated carbon and the 
results for pollutant removal showed activated carbon was three times more effective 
than MFS. Even so, the MFS was more sustainable and cost effective than activated 
carbon, because of the energy needed for the production of activated carbon (Gao & 
Rong, 1997). The performance of MFS have been summarised in Table 2.7.2:  
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Table 2.7.2: Summary of Maifan Stone studies  
Pollutants Type of media Removal efficiency Reference 
Heavy metal Cd Modified 87.6% (Guan et al., 
2010) 
Heavy metal Lead Modified 94.5% (Guan et al., 
2011) 
Heavy metal Zn Modified 95% (Li et al., 2009) 
NOX gas Modified 90% (Han et al., 2007) 
Heavy metal Pb Raw 96% (Xia, 2000) 
Heavy metal Cd Raw 80% (Du et al., 2012) 
Heavy metal Pb, Cu, 
Zn, Cd 
Raw 97 % Pb > 90% Cu > 64% 
Zn > 60% Cd 
(Gao & Rong, 
1997) 
Heavy metal As Raw 99% (Li et al., 2009) 
Heavy metal Pb, Cd, 
Mn, Cr, NH4 
Raw Pb=85%, Cd=92%, 
Mn=70% 
Cr=40%, NH4=60% 
(Zhao & Wang, 
2007) 
P and N removal Mixed with Zeolite 
and Maifan 
Nitrogen 85%; P 95% (Zhou et al., 2011) 
COD, TP and TN Raw COD 40%, TP 25% and 
TN 40% 
(Wu et al., 2012) 
COD, TP and TN Raw COD 30%; TN 65%; TP 
30% 
(Tang et al., 2007) 
Ammonia Modified 73.9% (Fu et al., 2011) 
b. Brick 
Clay bricks have also been used for a long time throughout the world as construction 
material. It has rough surface and large void space and is a potential recyclable 
material. The chemical composition is shown in Table 2.7.3. Jokela et al (2002) 
reported crushed brick can remove nitrogen from landfill leachate effectively. 
Crushed brick has already been widely used as constructed wetland filter media in 
China (Ding & Zhao, 2012; Zhang et al., 2009; Wang et al., 2013). Gu et al (2013) 
have measured adsorption capacity of used bricks for both phosphate and 
ammonium. Their bricks contained 72% clay, 10% bagasse, 10% steel slag, 5% 
zeolite, and 3% calcite. They claimed this was have a similar composition to 
traditional bricks. House et al. (1999) indicated brick particles could remove 70-80% 
of P. Selvaraju et al. (2009) tested grey water treatment by brick and sand, and found 
brick adsorbed more nitrate than sand.  
 
 
 
 
Chapter Two: Literature Review 
43 
 
Table 2.7.3: Chemical composition of Brick 
Contents (%) References 
Fe2O3 CaO K2O SiO2 Al2O3 MgO Na2O 
7.59 3.98 3.28 70.29 18.23 2.38 1.52 (Gu et al., 2013) 
5 20 - 60 7 - - (Xie et al., 2012) 
3-12 0.5-15 - 55-70 8-21 - - (Lu et al., 2006) 
0.6 2.7 - 48.9 8.5 0.2 - (Liu et al., 2013) 
Hu et al. (2003) determined the size of recycled brick was in a wide range of size 
(0.3-5cm) and could be used for phosphorus removal. Wang et al. (2013) measured 
and noted the surface structure of brick was ideal to form biofilm due to the pore size 
of 1-3µm diameter. Zhang et al. (2007) reported that adhesion of the microorganisms 
to brick was much greater either than zeolite, slag or gravel. Shi et al. (2014) and 
Huang et al. (2009) determined that brick had a stronger adsorption for TP than N. In 
order to achieve long term good removal of priority pollutants such as N & P, it was 
suggested that it would be necessary to mix different media. Lu et al. (2006) and 
Zhang et al. (2006) compared the performance of activated carbon with brick and 
concluded there was no difference when used in constructed wetlands, especially for 
ammonia removal. Huang et al. (2009) stated that brick filter for wastewater 
treatment worked well even at lower temperatures (5-12C). Boujelben et al. (2008) 
modified brick chips by coating with iron which gave more micro pores and higher 
surface area. Their results demonstrated an improvement in performance.  
Brick has also been used for treating drinking water. Devi et al (2008) determined it 
has the ability to absorb fluoride, arsenic and coliform bacteria, as well as to remove 
heavy metals. Aziz et al (1992) and Djeribi et al. (2008) presented data in which a 
brick filter with particle size 0.8-2mm gave 82% of manganese removal and also 
effective in copper removal. Additional studies have been summarised in Table 
2.7.4: 
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Table 2.7.4: Summary of Brick studies 
Pollutants Type of 
media 
Removal efficiency Reference 
Phosphate and 
ammonium 
Raw 3.8mg/g phosphate and 
0.7mg/g ammonium 
(Gu et al., 2013) 
Manganese removal Raw 82% (Aziz & Smith, 1992) 
Phosphorus  Raw 26mg/g (Xiang et al., 2013) 
Phosphorus Raw 0.594mg/g (Wang et al., 2012) 
Phosphorus Raw  44.62mg/g (Liu et al., 2013) 
Phosphorus  
 
Raw 5.59 mg/g 
 
(Ding & Zhao, 2012) 
Phosphorus Raw 1.56mg/g (Xie et al., 2012) 
Phosphorus and 
ammonia 
Raw 0.618mg/g NH4  
3.05 mg/g P 
(Shi et al., 2014) 
Phosphorus Raw 0.594mg/g (Wang et al., 2013) 
COD, NH3-N, TP  Raw NH3-N 0.27mg/g 
P 0.0035mg/g 
COD 1.4mg/g 
(Zhang et al., 2006) 
Phosphorus Raw 0.451mg/g (Liu et al., 2013) 
c. Dolomite  
Limestone is widely used in agriculture, construction and water treatment. Due to the 
large consumption, alternative sources have been sought. Dolomite has similar 
properties to limestone and is also mainly formed by CaO but contains more MgO 
(Chemical composition see Table 2.7.5). It is widely available in China, India, 
Indonesia, Vietnam and UK, and is cheaper. The strength of dolomite is higher than 
limestone which could make it more resistant to erosion in wastewater treatment. 
Dolomite also produces half the alkalinity of limestone and dissolves much slower in 
water (Watzlaf & Hedin, 1993).  
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Table 2.7.5: Chemical composition of Dolomite 
Contents (%) References 
CaO MgO SiO2 Al2O3 Fe2O3 Cl K2O SrO SO3 MnO TiO2 P2O5 LOI 
29.68 16.55 5.13 - - - - - - - - - - (Yuan et 
al., 2015) 
37.23 19.11 1 0.63 0.21 <0.01 0.06 <0.01 0.07 <0.01 <0.01 <0.01 41.69 (Kihilaa et 
al., 2014) 
30.5 22.8 0.26 0.2 0.09 0.022 0.027 0.01 0.006 0.004 - - 45.59 (Mei et al., 
2012) 
57.49 39.44 0.54 0.17 0.36 - - - - - - - - (Lin et al., 
2014) 
28.88 23.01 2.11 0.51 - - 0.13 - - - 0.016 0.057 45.33 (Wei et al., 
2010) 
57.5 40.7 0.66 0.27 0.19 0.21 0.08 - 0.2 - - - - (Zhao, 
2007) 
30.85 21.55 0.77 0.14 0.19 - 0 - - - 0.09 0 46.26 (Ayoub & 
Kalinian, 
2006) 
34.6 17.6 0.99 - - - - - - - - - - (Kato & 
Matsuoka, 
1992) 
LOI: Loss of ignition 
Dolomite solutions containe enriched amounts of Ca2+ and Mg2+. These two cations 
will react with water to generate hydroxides and remove P. Calcium hydroxide reacts 
with water to produce Calcium carbonate. It also can act as a coagulant for the 
removal of suspended solids from solution (EPA, 2000). Ca2+ will react with P and 
precipitate calcium-phosphate complexes. Mg2+ removes both P and ammonia, to 
produce magnesium ammonium phosphate. Roques et al. (1991) identified the 
primary precipitate of dolomite as amorphous calcium-phosphate. He also found that 
the precipitate would eventually crystallise as hydroxyapatite due to Mg2+ ions which 
slow the formation of hydroxyapatite (detail see Table 2.7.6).  
Table 2.7.6: Ca/P ratio of calcium phosphate compounds (Ito & Onuma, 2003) 
Compound Abbreviation Composition Ca/P 
Monocalcium orthophosphate MCPA Ca(HPO4)2 0.5 
Dicalcium phosphate dihydrate DCPD CaHPO42H2O 1.00 
Octacalcium phosphate OCP Ca4H(PO4)3 1.33 
Tricalcium phosphate TCP Ca3(PO4)2 1.50 
Hydroxyapatite HAP Ca5(PO4)3OH 1.67 
Tetracalcium phosphate TeTCP Ca4(PO4)2O 2.00 
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Sikora et al. (1976) carried out experiments using dolomite to remove nitrogen and 
phosphorus from septic tank effluent for 2 months. He also noted smaller size 
dolomite particles performed better P removal, but that the smaller media also 
clogged more easily. Kato and Matsuoka (1992) have compared lime and dolomite 
and found the dolomite to be more effective to precipitate P as calcium phosphate 
complex precipitates. There have been other applications of dolomite for wastewater 
treatment. Xu (1998) stated that dolomite neutralised sulphuric acid wastewater with 
a better durability than lime. The other related studies have been summarised in 
Table 2.7.7.  
Table 2.7.7: Summary of Dolomite studies  
Pollutants Type of media Removal efficiency Reference 
Phosphorus  Raw 87% (Ge et al., 2014) 
Nitrogen 
and 
Phosphorus  
Raw Ammonia=37.26% 
Phosphorus=89.6% 
(Lin et al., 2014) 
Chromium  Raw 10.01mg/g (Albadarin et al., 2012) 
Phosphate  Raw Under groundwater>90% 
Tap water<80% and effluent<70% 
(Ayoub & Semerjian, 
2006) 
Phosphate  Raw 1mg/g (Roques et al., 1991) 
Phosphorus  Raw 0.303mg/g (Pant et al., 2001) 
Phosphorus  Raw 0.12mg/g (Ayoub & Kalinian, 2006) 
Phosphorus  Raw 0.014 mg/g (Zhao, 2007) 
Phosphate  Raw 6.56-20.96mg/g (Guo, 2007) 
Phosphorus  Raw 12.92mg/g (Shi, 2012) 
Manganese Raw 97% (Aziz & Smith, 1996) 
Phosphate  Raw 0.05mg/g (Ayoub & Kalinian, 2006) 
Dolomite has also been reported to be effective in toxic element removal (such as 
lead, boron, chromium, manganese) (Albadarin et al., 2012; Aziz & Smith, 1996; 
Wei et al., 2010; Zheng & Zhang, 2000). Pehlivan et al. (2009) presented data that 
suggested more than 85% of Cu2+ and Pb2+ could be removed COD removal and 
Qing et al. (2014) suggest that could be improved by adding dolomite power. 
Dolomite has been used for adsorbing acidic gases (e.g. CO2 and NO2) (Duffy et al., 
2006).  
d. Zeolite 
Zeolites are the most common mineral used as commercial adsorbents and their 
chemical compositions is presented in Table 2.7.8. It was first reported in 1756 by 
the Swedish mineralogist Axel Fredrik Cronstedt (Kolumbien, 2005). The 
researchers reported that zeolites were desirable filter media, because they were non-
metallic, rough surfaced and resistant to long term degradation. They had strong 
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sorption ability due to their ion-exchange capacity and molecular-sieve 
characteristics. The material was available naturally in the many parts of the world at 
relatively low cost. Clinoptilolite is the natural zeolite, the chemical formula is 
complex: (Na,K,Ca)4Al6Si30O72·24H2O. It belongs to the heulandite family and is 
one of a variety of structural variations of the zeolite mineral group (He et al., 2007; 
Sprynskyy et al., 2006).  
Table 2.7.8: Chemical composition of different Zeolites 
Previous research has shown that clinoptilolite and zeolites are effective for ammonia 
removal from wastewater (Booker et al., 1996). Sarioglu (2005) reported the removal 
rate of ammonia could be 100% at low influent NH4+-N concentrations and Chen et 
al. (2013) presented data which also demonstrated that zeolites effectively treated 
high ammonia concentration from aquaculture wastewater. As previously reported 
for other media, particle size was also noted in these researches as affecting the 
adsorption efficiency and this was confirmed for the zeolites by Wang et al. (2006) 
that who demonstrated that smaller size of clinoptilolites gave better absorption 
location Contents (%) References 
SiO2 Al2O3 Na2O K2O MgO CaO Fe2O3 MnO TiO2 H2O LOI 
Turkey 69.31 13.11 0.52 2.83 1.13 2.07 1.31 - - 6.88 - (Erdem et al., 
2004) 
Slovakia 64.61 10.26 0.12 3.19 0.53 2.37 1.56 - - - - (Petrus & 
Warchol, 
2005) 
Ukraine 65.86 11.28 1.74 2.60 0.73 1.82 1.94 - - - - (Petrus & 
Warchol, 
2005) 
China 74.82 10.76 1.84 4.41 0.15 1.22 1.22 0.086 - - - (Yuan et al., 
2005) 
China 70.83 11.78 0.45 2.23 1.06 3.38 0.67 0.04 0.31 - - (Li & Zhu, 
2004) 
China 65.52 9.89 2.31 0.88 0.61 3.17 1.04 0.06 0.21 7.25 10.02 (Wang et al., 
2006) 
Turkey 70.27 12.9 3.21 1.49 1.71 2.05 1.38 0.02 0.19 - 6.57 (Sarioglu, 
2005) 
Turkey 74.4 11.5 0.6 5 0.5 2 1.1 <0.001 0.1 - 5.85 (Karadag et 
al., 2006) 
China 66.21 10.99 2.22 0.92 0.53 2.98 0.96 0.04 0.13 6.45 13.83 (Jiang et al., 
2003) 
China 70.26 12.16 0.12 1.40 - - 1.18 - 0.12 - 8.98 (Xing et al., 
2000) 
LOI: Loss of ignition 
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results. Zeolite has also been used for treatment of anaerobic effluent, Xing et al. 
(2013) noted zeolites removed significant amounts of COD (23mg/g) from anaerobic 
digester effluents. Reyes et al. (1997) also reported that zeolites could remove 
suspended solids and pathogens when used as secondary treatment for anaerobic 
effluent than sand. Other nutrient pollutant removals have been review and noted in 
Table 2.7.9.   
Table 2.7.9: Summary of zeolite studies 
Pollutants Type of media Removal efficiency Reference 
Phosphate  Raw 58%  (Agrawal et al., 2011) 
Phosphorus 
and ammonia  
Raw 2.388 mg/g NH4 
 0.717 mg/g P 
(Shi et al., 2014) 
Phosphorus  Raw 0.053mg/g (Wang et al., 2013) 
Ammonia  Raw 2.46mg/g (Wang et al., 2006) 
Ammonia  Raw 87-98%  (Nguyen & Tanner, 1998) 
Ammonia  Raw 90%  (Sarioglu, 2005) 
Ammonia  Raw 8.12mg/g (Karadag et al., 2006) 
Ammonia Raw 11.5mg/g (Zhang et al., 2003) 
COD  Raw 12.987mg/g (Xing et al., 2013) 
Ammonia  Raw 4.6423mg/g (Wang & Ma, 2013) 
Ammonia  Raw 15.5mg/g (Jiang et al., 2003) 
Pb  Modified l 99.60% (Wang & Zheng, 2013) 
Phosphorus  Raw 99%  (Yuan et al., 2005) 
Nitrogen and 
phosphate  
Raw 0.83mg/g Nitrogen 
0.049 mg/g P 
(Zhang et al., 2012) 
Work published on the removal of heavy metal removal (See Table 2.7.9). In 
research, by Zamzow et al. (1990) selectivity was observed in the adsorption series 
of the heavy metals: Pb2+ > Cd2+ > Ba2+ > Sr2+ > Cs2+ > Ni2+ was noted. This could 
be associated with solubility. It is to be noted that the zeolites and Maifan stone are 
enriched with aluminium which could be assisting the removal of metals by either 
ion exchange or complexation.  The results indicated that the clinoptilolites were 
particularly effective for Pb2+ and Cd2+, their results were 1.4 mg/g for Pb2+ and 1.2 
mg/g for Cd2+. A further investigation on non-heavy metals was done by Erdem 
(2004), which also showed a selectivity sequence: Co2+ > Cu2+ > Zn2+ > Mn2+. It was 
reported that zeolites removed about 78% of Co2+, 66 % of Cu2+, 6% of Zn2+ and 
20% of Mn2+. Moreover, Zeolites can be activated by heating, acidifying, alkalifying 
and by changing the ratio of silicate to aluminium. Zeolites have been also been 
combined with fly ash reported by Chen et al. (2006), to enhance absorption 
capacity.  
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e. Concrete  
They have been lots of Chinese and Japanese researchers working on filter media 
made from recycled concrete aggregate (RCA) (Chen, 2001; Chen & Liu, 2003; Li et 
al., 2011; Mizuguchi et al., 1996; Tamai & Okinaka, 2000). Instead of using recycled 
concrete, the Japanese researchers have proposed environmentally-friendly concrete 
which has greater porosity property and provides a large internal and external surface 
area for microorganisms than normal concrete (Tamai & Okinaka, 2000). The 
concrete provides not only support for the biofilm but was also reported to improve 
water quality by adsorption. The chemical composition of ordinary concrete is shown 
below (in Table 2.7.10):  
Table 2.7.10: Chemical composition of Concrete 
Contents (%) References 
SiO2 Al2O3 CaO CaCO3 Fe2O3 P2O5 MgO 
53 2.6 27.2 - 1 0.05 0.6 (Berg et al., 2005a; 2005b) 
65 22 9.6 - - - - (Oguz et al., 2003) 
51.4 26.3  1.95 - 1.1 - - (Renman & Renman, 2012) 
38.30 10.70 20.60 - 3.70 0.12 - (Burianek et al., 2014) 
- 2-4 - 77-83 1.5-3 - - (Molle et al., 2003) 
Crushed concrete has been reported as a reliable method to remove phosphates by 
many researchers (Boyer et al., 2011; Buriánek et al., 2014; Egemose et al., 2012; 
Mohara et al., 2011; Renman & Renman, 2012) (See Table 2.7.11). Wang et al 
(2008) presented results on concrete media which showed it could remove 74.2% of 
COD and 92% of NH3-N. Li et al (2007) conducted a series of laboratory tests aimed 
at removing NH3-N from sewage and landfill leachate using crushed concrete. The 
results showed 95.6% of the total nitrogen could be removed under optimum 
conditions. Yuan et al (2006) reported that the media removed 76% of COD and 
94.9% of BOD5. Operating with submerged rather than trickling condition, Chen 
(2001a) showed the concrete media could remove 50% of COD and BOD, 70% of 
TP and 20% of TN. Concrete aggregates have also been used neutralize for acid-
sewage, due to their weakly alkaline property (Sasaki et al., 2013; Zhou et al., 2010). 
Generating alkaline effluent was better for irrigation and crop growth in red acid 
soils than other alkaline minerals, due to its greater complexity. Xiang et al. (2013) 
on the other hand reported that concrete did not re-release metals from concrete. He 
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also suggested concrete particles were a suitable and sustainable method for treating 
low phosphate concentration wastewater.  
Table 2.7.11: Summary of concrete studies  
Pollutants Type of media Removal efficiency Reference 
Phosphate  Raw 0.134 mg/g (Buriánek et al., 2014) 
Phosphorus  Raw 100% (Renman & Renman, 2012) 
Heavy 
metal 
Raw 0.27 mg/g Cd and 0.05 mg/g Zn (Weng & Huang, 1994) 
Phosphate  Raw 19.6mg/g (Egemose et al., 2012) 
Phosphate  Raw 99%  (Oguz et al., 2003) 
TN, NH, 
TP   
Raw TN 78.5-89.8% 
NH 86-96.4% 
TP 46.9-98.2% 
(Zhang et al., 2011) 
Phosphorus  Raw 1.185mg/g 
Desorption 9.16% 
(Yu et al., 2009) 
Phosphorus Raw 36.76mg/g (Hu & Liu, 2014) 
Phosphate   Raw 97% (Sun et al., 2009) 
Berg et al. (2005a; 2005b) confirmed that crushed concrete particles were an efficient 
seed to promote the removal and recovery of P from wastewater. Under ideal 
conditions, the concrete media could remove 80-100% of P for 2 or 3 days. The 
authors also mentioned the mineral content of concrete was changed after contact 
with sewage. Results indicated that the Ca was reduced by half and the P was 
increased. This was reported as due to a reaction between Ca and phosphate which 
produced an insoluble precipitate (Calcium phosphate see Table 2.7.6) at the surface. 
The other metals in concrete were also shown to play an important role in P removal. 
For example concrete placed in the wastewater, releases magnesium ions which 
reacted with ammonium ions and due to the anoxic conditions, organic nitrogen 
could be converted to ammonia gases which is nitrated and released into the 
wastewater. Mg2+ will also react with phosphate ions to produce magnesium 
hydrogen phosphate which is also insoluble in water. Aluminium ions formed 
aluminium hydroxide flocculants which could then remove suspended solids from 
sewage and produce insoluble metal phosphates (Chen & Liu, 2003). The chemical 
reactions reported are shown below:   
Z2 − Mg
2+ + 2NH4
+ → 2Z1 − NH4
+ + Mg2+ 
Mg2+ + HPO4
2− + 3H2O → MgHPO4 ∙ 3H2O ↓ 
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2.8. Sequential extraction of inorganic phosphorus from media 
The Sequential extraction of the various P-forms from the adsorption media was used 
to determine the type of ions in the filter media which removed the P and the 
chemical reaction that had occurred between these ions and P. The methods for 
extraction originated from soil science to study sediments. Sequential extractions 
were designed to quantify step-by-step discrete chemical or mineralogical 
compounds. Extraction methods not only provide information on the potential 
mobility of P species, they also allowed the assessment of the origins of the P (Wang 
et al., 2013). 
The forms of inorganic phosphates (IP) in soils can be simply identified from 
extraction by acid and alkaline reagents. This was first reported by Dean (1938). 
Chang and Jackson (1957) developed a more detail fractionation procedure for IP. 
They mentioned IP could be classified into five main groups: loosely bound 
phosphate (LBP), aluminium phosphate (Al-P), iron phosphate (Fe-P), calcium 
phosphate (Ca-P) and occluded phosphate (O-P). Later, the methods were further 
developed by Williams et al. (1980), Hieltjes and Lijklema (1980) and Golterman 
(1982). Based on all these studies, researchers have provided standardised methods 
such as those proposed by Ruttenberg (1992) and Ruban et al. (2001). Details are 
shown in Table 2.8.1:  
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Table 2.8.1: Extraction schemes for determining the fractional composition of sediment phosphorus 
Method  Extraction Reagents and 
Sequential  
Extracted 
P form 
Advantages Disadvantages 
(Chang & 
Jackson, 
1957) 
NH4Cl (1M) Labile P Separating and 
quantifying the 
most P forms 
Re-sorption in 
NH4F stage  NH4F (0.5M pH8.2)  Al-P 
NaOH (0.1M) Fe-P 
HCl (0.5M) Ca-P 
CDB O-P 
NaOH Re 
(Williams et 
al., 1980) 
NaOH (1 M) Fe-P Simple and 
practical  
Re-sorption in 
NaOH stage HCl (1+3.5M) Ca-P 
HCl 3.5M +Calcination Total P 
HCl 1M + Calcination Organic P 
(Hieltjes & 
Lijklema, 
1980) 
NH4Cl (1M pH 7) Labile P Simple and 
practical 
NaOH dissolved 
smaller amount of 
Fe-P and Al-P 
NaOH(0.1M) Fe- and Al - 
P 
HCl(0.5) Ca-P 
(Golterman, 
1982) 
H2O Labile P on residual P 
the solid 
surface 
Test time long; not 
practical Ca-
EDTA(0.05M+dithionite) 
Fe-P 
Na2-EDTA (0.1M) Ca-P 
H2SO4 (0.25 M) Acid 
soluble 
Organic P 
NaOH (2M) Reductant 
OP 
 (Ruttenberg, 
1992) 
MgCl2(1M) Labile P Extraction of 
special P 
not practical; 
complex device CDB Fe-P 
Acetate buffer CFAP, 
biogenic 
apatite, Ca-
P 
HCl Detrital 
apatite 
Calcination +HCl Organic P 
(Ruban et 
al., 2001) 
NaOH(1 M)+HCl(3M) Al/Fe-P Simple and 
practical 
Re-sorption in 
NaOH stage  HCl(1M) Ca-P 
HCl(1M) IP 
HCl(1M)+calcination OP 
HCl(3.5M)+calcination TP 
In the most cases, these methods have been used for the analysis  of lake sediments 
and soil samples. They can also be applied in filter media. Some researchers report 
using sequential extraction for identifing IP of fine filter particle such as sand and 
clay aggregate based on the original Chang and Jackson (1957) method. Wang et al. 
(2012; 2013) have reported using sequential extraction to anlyse IP with larger size 
adsorption such as oyster shell, broken bricks, volcanics and zeolite. Several studies 
has been summarised in Table 2.8.2:  
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Table 2.8.2: P fractionation studies by various media 
Media Reference  
Sand (Arias et al., 2001) 
Clay aggregate  (Jenssena et al., 2010) 
Aggregate and Oyster shell (Seo et al., 2005) 
Shell sand (Søvik & Kløve, 2005) 
Slag (Drizo et al., 2002) 
Clay aggregate (Zhu et al., 2003) 
Shale (Forbes et al., 2005) 
Calcined clay  (White et al., 2011) 
Water sample (Shan et al., 2009) 
Oyster shell, broken bricks, volcanics and zeolite (Wang et al., 2012; 2013) 
By-product (Leader et al., 2008) 
Blast furnace granulated slag (Korkusuz et al., 2007) 
Blast furnace slag (Johansson, 1999) 
By-product (Penn et al., 2011) 
Inorganic form of Phosphorus  
Reluctant-soluble or exchangeable phosphate (RSP) 
The RSP is P absorbed or coprecipitated by Fe/Mn oxide, oxyhydroxide or clay 
minerals. Compared with other forms of P, the RSP is easily be released in water and 
available again for plant growth. Normally, the amount of the RSP is low and it is the 
easiest absorbed. The RSP could be re-released into water by a change of pH, 
hydraulic or organism activities to affect the nutrient status of water bodies (Xu et 
al., 2011).   
Metal bonded P 
The metal bound P included Fe-P, Al- P and Mg-P. These types of P are also very 
active, especially Mg-P (Zheng et al., 2004). For example, Fe-P is affected by 
oxygen conditions. In oxygen enriched or aerobic environments, iron exists as Fe3+ 
and reacts with P to precipitate as Fe-P. In anaerobic or anoxic conditions, the 
insoluble Fe(OH)3 becomes soluble Fe(OH)2 and then the adsorbed P can be re-
released into solution (Gomez et al., 1999; Jin et al., 2004). A reaction sequence has 
been reported starting with Mg-P followed by Al-P and then Fe-P, leaving a Ca-P 
residue which is the most stable metallic form of P (Xu et al., 2011).   
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Ca bonded P 
Ca-P is insoluble and hardly absorbed or used by biology, however as the CO2 
concentration increases Ca-P will become more soluble and P will be re-released (Xu 
et al., 2011).     
Occluded P 
After initial absorption to the soil surface, in a second stage it has been shown that 
the phosphate becomes permanently fixed to the soil which is the O-P (Emsley, 
1982). O-P is then coated by a layer of Fe2O3. The layer also contained Al-P and Ca-
P. Normally, the O-P is recalcitrant and never released and unavailable to plants (Xu 
et al., 2011). O-P only can be extracted by strong alkali solution (Emsley, 1982).  
2.9. Wastewater size fractions 
Pollutant removal efficiency can be predicated by its particle size distribution (details 
see 2.3.5: b). Rate of sedimentation, mass transfer, adsorption, diffusion and 
biochemical reactions are all affected by particle size. Moreover, Särner (1986) and 
Tiehm et al. (1999) stated the solid particles occupied more than half of COD, BOD, 
nitrogen and phosphorus total. Therefore, the size distribution of the contaminants in 
wastewater can be used to model and predict performance (Levine et al., 1985). 
The size ranges of typical organic contaminants found in settled municipal 
wastewater were from 0.001µm to over 100 µm as presented in Figure 2.9.1 (Levine 
et al., 1985). Sewage contaminants can be classified simply into two groups: 
Dissolved and Particulate, but there is no standard division size. Levine et al. (1985) 
suggested 0.1 µm as a guide size to separate, but Tchobanoglous (1991) suggested 1 
µm to ease analysis and Malpei et al. (1997) 0.45 µm. To conclude from this 
literature, the majority of research used 0.45 µm to differentiate the soluble organic 
matter (Shon et al., 2006a). Typical of dissolved organic matter (<0.45 µm) are cell 
fragments, virus and macromolecules (Levine et al., 1985). They are generally 
presented by molecular weight due to difficulties associated with the measurement of 
molecular size. Removal of dissolved matter was naturally only efficient by the 
adsorption process (Shon et al., 2005). The fraction of particulate organic matter 
(>0.45 µm) determined by suspended solids test was less than 10% of total organic 
matter. Particulate matter included protozoa, algae, bacterial flocs and single cells, 
waste products, and other miscellaneous debris. It can be removed by normal solid-
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liquid separation processes (e.g. settlement, filtration and flotation) (Shon et al., 
2006b).  
 
Figure 2.9.1: Typical organic constituents in settled municipal wastewater (Levine et al., 1985) 
In a more complex classification the contamination in wastewater were separated 
into four size fractions soluble, colloidal, supra-colloidal and settleable. However, 
authors define these size fractions according to the different methods (filtration, 
sedimentation or coagulation) and used various parameter measurements (e.g. COD, 
TOC, TS, BOD, P). A detail comparison is shown in Table 2.9.1. To summarise 
these results, common definitions for the size range of fractions were dissolved 
(<0.001µm), colloidal (0.001-1µm), supra-colloidal (1-100µm) and settleable 
(>100µm) (Levine et al., 1991). 
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Table 2.9.1: Size fractions of sewage solids and organic content in municipal wastewater 
Sample Contaminates percentage in size ranges (%) Parameters reference 
Soluble Colloidal Supracolloidal Settleable 
RW 42 11 20 27 TOCa (Rickert & Hunter, 1971) 
RW 33 6 34 27 CODb (Nieuwenhuijzen et al., 
2004) 
RW 41 16 28 15 BODc (Balmat, 1957) 
RW 64 7 12 17 TSa (Heukelekian & Balmat, 
1959) 
RW 38 21 41 - CODd (Hua et al., 2002) 
RW 24 31 45 CODe (Guellil et al., 2001) 
RW 56 3 35 5 Pf (Nieuwenhuijzen & Mels, 
2002) 
RW 37 20 20 23 Nitrogen (Painter & Viney, 1959) 
RW 20.5 6.5 38 41.5 CODg (Marani et al., 2004) 
PE 46 9 19 26 CODh (Sophonsiri & 
Morgenroth, 2004) 
PE 12 15 30 43 COD (Munch et al., 1980) 
SE 69 6 25 0 TOCa (Rickert & Hunter, 1971) 
SE 47 12 18 23 CODh (Sophonsiri & 
Morgenroth, 2004) 
SE 73 19 8 - CODd (Hua et al., 2002) 
SE 28 3 20 49 SSi (Levine et al., 1985) 
Note: RW: Raw wastewater, PE: Primary effluent, SE: Secondary Effluent 
a: Soluble (<0.001 µm), colloidal (0.001-1µm), Supracolloidal (1-100 µm), Settleable (>100 µm).  
b: Soluble (<0.45 µm), colloidal (0.45-1µm), Supracolloidal (1-45 µm), Settleable (>45 µm).  
c: Soluble (<0.08 µm), colloidal (0.08-1µm), Supracolloidal (1-100 µm), Settleable (>100 µm).  
d: Soluble (<0.001 µm), colloidal (0.001-1µm), Supracolloidal >1 µm 
e: Soluble (<0.22 µm), colloidal and Supracolloidal >0.22 µm, Settleable (2h) 
f: Soluble: soluble (<0. 1 µm) and supra soluble (0.1-0.45 µm), colloidal (0.45-1.2µm), 
Supracolloidal >1.2-5 µm and suspended 5-63 µm, Settleable (>63 µm). 
g: Soluble (<0.2 µm), colloidal (0.2-1 µm), Supracolloidal (25-50 µm), Settleable (100-150µm) 
h: Soluble (<0.001 µm), colloidal (0.001-1.2µm), Supracolloidal >1.2-63 µm, Settleable (>63 µm). 
i: Soluble (<0.1 µm), colloidal(0.1-1 µm), Supracolloidal (1-12 µm), Settleable (12 µm) 
 
The most of particle of wastewater can be removed by filtration, compression and 
sedimentation, but size smaller than colloidal cannot be archived effectively by these 
processes. Colloids are stable in solution and stay in suspension as small particles 
due to its negative electrical charges and electrical forces (Wakeman et al., 1989). 
Colloidal particles could be separated by destabilisation first and then the larger and 
heavier flocs will be formed by coagulation which can be removed by normal 
processes. To destabilise the particles, coagulation, flocculation and sedimentation 
can be used (Koohestanian et al., 2008). It is important to understand the smaller 
particle and the municipal wastewater particle size could down to 0.0001 µm 
(Sophonsiri & Morgenroth, 2004). Levine et al. (1985) stated 30 to 85% of organic 
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particles size were larger than 0.1 µm in wastewater. Logan and Wagenseller (2000) 
have further determined the particle size of wastewater from trickling filters. They 
separated molecular particle into three size fraction: <1000 daltons, 1000 to 10,000 
daltons and >10 daltons to <0.45 µm. They found majority of organic pollutants were 
contained in the smallest size fraction. Nieuwenhuijzen et al. (2004) also discovered 
more than half of P and N were present in a soluble form in sewage. 
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2.10. Surface Metrology  
The specific surface area and binding characteristics of filter media are important 
performance parameters for this type of wastewater treatment. The media surface 
area controls the amount of biofilm and therefore efficiency per unit of reactor 
volume. This in turn affects the construction and capital costs (Lekang & Kleppe, 
2000). There are several methods of analysis, both qualitative and quantitative to 
characterising the surface. These include ISO standard methods such as BET 
nitrogen and stain uptake as well as water hold up and dispersion numbers. Standard 
materials analysis have also been used, such as Scanning Electron Microscopy 
(SEM) with Electron Dispersive Spectroscopy (EDS) and X ray diffraction (Gupta et 
al., 2004; Kaasika et al., 2008; Mall et al., 2006).  
These technologies provides information about surface topography and composition, 
differences between types of mineral structure, sediments and biofilm type can be 
recognised visually. SEM analysis has therefore been used to monitor the rate of 
biofilm development in wastewater treatment filters (Mack et al., 1975). For example 
Walter et al. (1978) and Alleman et al, (1982) used SEM to determine the 
composition and structure of aerobic biofilms. Richards and Turner (1984) used 
SEM to study anaerobic biofilm attachment to media. Furthermore, Eighmy et al. 
(1983) were able to report on the physicochemical properties and strengths of 
biofilms, by SEM, following different levels of shear. Gupta et al. (2004) and 
Srivastava et al. (2006) have reported on the use SEM to compare the surface 
features and porosity of activated blast furnace ash and rice husk ash. Their results 
also included a comparison of electron dispersive analysis with X-ray diffraction to 
study the molecular structure of the surface. Mall et al. (2006) used SEM and 
electron diffraction spectra to determine the structural and morphological 
characteristics of TF biofilms. The results were used to identify the biochemical 
composition of the film. Kaasika et al. (2008) used the same combination of SEM 
and EDS to determine the elemental analysis of the filter media itself. Kassika et al, 
(2008) also observed and analysed a precipitate on the media surface using the SEM-
EDS spectra.  
However, the SEM is surface image analysis without depth and from a relatively 
small area (e.g. depth and width of media surface). This qualitative visual surface 
analysis is vulnerable to statistical and observer error resulting in conflicting 
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interpretations among analysts. Sample preparation to give electron opacity has been 
reported to cause further error. For example, during preparation stage samples have 
to be dehydrated and coated for use in a vacuum. Chang & Rittmann (1986) argued 
this resulted is a loss of biofilm which led to biased conclusions about the amount 
and types of biofilm. The size limit of SEM is also insufficient for observing 
nanofibers and particles (<250 nm) which are becoming priority pollutants for 
wastewater filters (Tan & Lim, 2006). 
Recently, the AliconaR Infinite Focus Microscope (IFM) was developed and 
introduced. IFM can characterise surface texture and has the ability to generate 
measurements of surface roughness, useful for understanding the role of porosity and 
specific surface area for phosphorus accumulation (before and after bio-
colonisation). IFM is a non-contact optical microscope that can measure vertical 
depth of field as well as horizontal distances as it traverses across a sample surface. 
Software has been developed, using these three measurements, to give a high 
resolution or microscopic three-dimensional (3D) image of the sample surface 
(Alicona, 2016). The generated 3D image of surface topography can be analysed to 
give surface roughness or texture, profile and measure the volume of cavities, 
visualise and dimension edges and observe other visual features of the sample across 
measured path lengths. Therefore, it is a potential technique for research on 
wastewater bioreactors and their filter media. However, as a visible spectrum 
microscope, sufficient contrast across the surface of the sample is needed due to the 
limited range of focus. Ideally samples require some roughness and surface 
texture >15nm (Helmli, 2011). There are therefore difficulties with some materials 
such as translucent and highly polished or smooth surfaces which give poor IFM 
results. This problem may be overcome by coatings or replicas, but this is not always 
practicable.  
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2.11. Summary 
It is proposed that TFs are low cost and easier maintenance technology that could be 
used in Chinese rural areas and other less developed countries. However, the 
performance of TFs in terms of treated effluent quality is not consistent as problems 
highlighted by the literature review were a greater odour potential and the generation 
of a fly nuisance from TF. It is proposed in this thesis to improve performance of TF 
by changing the filter media. The review of design, operation and mechanism of TFs 
has suggested that hydraulic and loading can be used to predict the performance for 
design. Also, the technology could present similar performance as A/S by 
appropriate design and management, particularly in terms of P removal and 
retentions. 
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3. Chapter Three: Methodology 
The laboratory works were based on two levels of investigation: media selection and 
concrete study. The laboratory works included the comparison of performance of 
various media under different static and dynamic condition.  
3.1 Design and construction of dynamic tests  
Four columns were used to allow different media to be tested simultaneously and 
located in Department of civil & building engineering laboratory, Loughborough 
University (See Figure 3.1.1). The filters were made from 1m tall perspex cylinders 
with diameters of 0.145m and a plan surface area of 0.0165m2 with a maximum 
volume of 0.0165m3. The piping and pumping arrangements are shown in Figure 
3.1.1. In order to provide enough pressure to meet the design standard hydraulic load, 
a submersible centrifugal pump was placed in the tank (500 litres) and connected to 
fixed nozzles above the columns. The fixed nozzles are solid cone spray types which 
could cover the whole area of media surface without loss (FCX2, Hypro & Lurmark). 
They are simpler to construct and operate than rotating units, widely used previously 
for pilot scale TF work and reported to work well in practice (Gray & Learner, 
1981). To avoid solids accumulation, the nozzle was cleaned weekly (Gray & 
Learner, 1984). A timer-controlled solenoid valve was installed in the system for the 
purpose of simulation of the intermittent wetting which occurs at full scale with the 
rotating distribution arm. The solenoid valve gave a spray for 5s at intervals of 66.7s 
(Marquet, 1999). 
Chapter Three: Methodology 
 
62 
 
 
Figure 3.1.1: Schematic of trickling filter 
The depth of the columns was less than the depth of full-scale plants, (normal in 
range 1.5-2.5m and detail see Chapter 2.3.5: depth). However, because most of the 
pollutants were noted, by the Literature review to be removed in the top 300mm and 
consideration of what was practicable and within the resources available a lower 
depth was selected giving a filter bed volume of 0.0132m3. The filter media were 
supported by plastic sieve (Dia. 15cm) at the bottom of each filter column. To create 
ventilation, the effluent collection funnel was installed 20 mm below the filter 
columns which allowed air to be drawn up the filter by convection. The design code 
suggests 10% of the plan area is used as ventilation area at the bottom of the filter 
(CIWEM, 2000). The ventilation area provided was greater than this 
recommendation but this was desirable since the filter columns would not be outside 
and the temperature differences for convection expected to be lower than normal. 
The treated effluent was collected in a 5 litre storage tank below the funnel for 
recycling and sampling. 
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3.2 Operation condition of dynamic test  
The objective of the project led to this work was divided into two stages:  
 Stage one: Oct 2014- Dec 2014 (Intermediate rate study) 
The trickling filters were operated for 2 month periods once steady state had been 
established. Based on the UK standard guide lines for TF design (CIWEM biological 
filtration manual, 1988), the TFs were operated at a hydraulic loading of 3.6m3 /m2 ∙d 
with no effluent recirculation.   The value of 3.6 m3 /m2 ∙d was chosen to be within 
the standard range defined as intermediate rate TF (details see 2.2.2: Classification of 
TF).  
The filter was initially seeded by recycling activated sludge (from Loughborough 
sewage works) for 5 days, around the media. It was then fed with synthetic sewage 
based on a recipe originally created by Willams and Taylor (1968) and developed by 
Phanapavudhikul(1978). It has been used previously by three other Loughborough 
research projects Marquet (1999), Yang (2007) and Hu (2008).  The composition of 
the synthetic sewage is indicated in Table 3.2.1.  
Table 3.2.1: Composition of the synthetic sewage 
Compound Concentration (mg/L) 
Dextrin 150 
Ammonium  chloride 130 
Yeast extract 120 
Glucose 100 
Starch 100 
Sodium carbonate 100 
Detergent 50 
Sodium dihydrogen  phosphate 6 
calcium phosphate 14 
Potassium  sulphate 8.3 
Compared with real sewage, the synthetic sewage presented has advantages. Since 
the synthetic sewage was composed on demand. From dry chemicals, it was more 
stable, adjustable and consistent. Moreover, unknown components from industrial 
wastewaters were avoided (Marquet, 1999). The water samples were tested (see 
Table 3.3.1). 
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Media  
The experimental rig could test four types of media simultaneously and the data from 
the static analysis, the Literature review and the overall aims of the research which 
were to find alternative uses for construction waste led to a short list of media for 
test. These were brick and concrete with blast furnace slag and KaldnesR. These two 
were the most commercial media and used as controls (see Table 3.2.2). The 
literature review concluded these construction materials have potential reuse for 
wastewater treatment (detail sees 2.3.6: filter media). All were pre-treated or selected 
to give the same overall size between 30-50mm the recommended size for combined 
BOD removal and nitrification (CIWEM, 2000). Blast-furnace slag (BFS) is the most 
common trickling filter media used in the UK. Slag is a by-product of steel 
production formed under high-temperature, molten metal conditions which causes 
major gas evolution and a light weight structure. The slag contains iron, manganese 
other transition metals, aluminium as well as silicates and oxides. Kaldnes rings are 
made from polypropylene, in the shape of cylinder with a cross inside and fins on the 
outside. In these experiments the smaller Kaldnes rings ( 9.1mm × 7.2mm.) 
designed for nitrification and de-nitrification were selected (Lekang & Kleppe, 
2000). The media has also been used in intensely mixed moving bed processes 
(Dalentoft & Thuhn, 1997; Rusten et al., 2006; Wessman et al., 2004).  
Table 3.2.2: media properties  
Media Specific surface 
area(m2/m3) 
Void Dry unit weight, 
kg/m3 
Blast furnace slag  55 50% 886 
Kaldnes 500 75% 950 
Brick 35 37% 2500 
RCA 40 40% 2300 
In developed countries, these construction wastes are available in a range of sizes 
and already commonly recycled directly for aggregate in reformulated concrete. The 
concrete and brick were crushed to the required size in the laboratory. These 
construction wastes are also easily and cheaply available in less developed countries, 
due to urban expansion and building renovation. 
The literature review concluded that a rough textured media, 50mm in size was the 
best balance of surface and voidage to achieve complete (Hawkes & Jenkins, 1955). 
Gray and Learner (1984) later corroborated these findings and reported most of 
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filters that produced consistent discharge quality effluent, used media in the range 
40-50mm. This size of media was also used successfully for one of the previous pilot 
scale studies in the Department (Marquet et al., 1999). This study used larger TF 
(2m3) and could then be compared as a scale up reference to this study.  
 Stage two: June 2016-Nov 2016 (lower rate study) 
The Lab-scale TFs described in stage one and were re-filled with three concrete 
media of different water/cement ratios due to well performance. Several tests were 
involved (see Table 3.3.1).   
The results of the stage one tests indicated operating trickling filters in the low rate 
hydraulic loading range was optimum to operate and would be representative of the 
practical application (0.5m3/m3∙d approximately 6.6L per day). In this part of the 
research P was the major operating variable and enhanced P concentrations were 
achieved by increasing sodium di-hydrogen phosphate (see Table 3.2.3).  
Table 3.2.3: Composition of the synthetic sewage 
Compound Concentration (mg/L) 
Dextrin 150 
Ammonium  chloride 175 
Yeast extract 60 
Glucose 100 
Starch 100 
Sodium carbonate 100 
Detergent 50 
Sodium dihydrogen  phosphate 20 
Potassium  sulphate 8.3 
Media  
The three types of concrete tested were: one as a control commercial concrete from a 
local recycling company (Johnsons Aggregates Limited). Other two were from 
another research project specialising on concrete strength with different mixes by 
Nguyen (2017). These experimental concretes had been stored under water for more 
than a year for curing. The two types of test concrete were W/C ratio: 0.7 and 0.46. 
All the concretes were crushed by hammer down to 10-20mm. Figure 3.2.1 shows 
the cross section of these two type of concrete before crushing. The 0.46 mixture was 
denser and showed better binding of the aggregate than the W/C 0.7, which was 
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confirmed by the strength test which showed 52MPa for the W/C 0.46 and 37 MPa 
for the W/C 0.7.  
                              
Figure 3.2.1: Cross section surface of concrete: W/C 0.7(left) and W/C 0.46(right) 
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3.3 Sample analysis  
Daily samples of influent and effluent were taken and analysed using standard 
wastewater analysis. Influent samples were a composite of four grab samples taken at 
regular intervals through the day, from the feed tank. Effluent samples were collected 
from the small storage tank below each filter integrating one hour of flow. Samples 
from the different columns were taken simultaneously to ensure that the relative 
performance of the tickling filters was from the same conditions of feed and ambient 
environment. The international standard methods used were: turbidity, total 
suspended solids (TSS), Chemical Oxygen Demand (COD), Total Organic Carbon 
(TOC), dissolved phosphorus and ammonia nitrogen (NH4
+) . These were carried out 
according to the American Public Health Association standard methods (APHA, 
2005). Table 3.3.1 listed the equipment and test for each stage. 
Table 3.3.1: Experimental analysis 
Parameters Equipment Stage one Stage two 
COD Palintest 8000 ✓  
Dissolved P ICPE-9000 ✓ ✓ 
NH4
+ Palintest 8000 ✓  
pH HANNA HI9812-5 ✓ ✓ 
Temperature Mercury thermometer ✓  
TOC DC -190 ✓ ✓ 
Turbidity HACH 2100N turbidimeter ✓ ✓ 
COD 
COD is a measure of oxygen used during the chemical oxidation of organic matter in 
a water sample using a strong inorganic oxidising agent (boiling chromic acid). The 
technique used was sealed tube, semi-micro reflux with silver as the catalyst and 
mercuric iodide to counter salt interference (Palintest COD 400 solution). The tubes 
were heated for 2 hours in a hot block, after cooling to room temperature the 
unreacted dichromate was measured in situ by photometer. The samples were 
analysed in duplicate since a +/- 10% standard error is reported in the standard 
method.  
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Dissolved P 
An Inductively coupled plasma emission spectrophotometer (SHIMADZU, ICPE-
9000) was used to determine dissolved P concentrations. The samples were collected 
and pre-filtered by 0.45µm membrane filter based on the standard methods (APHA, 
2005). The samples were introduced by an auto-sampler into the ICP. The atomized 
samples were converted into a plasma with additional argon and an acetylene torch. 
The plasma at a 1000K contains a high electron density and is in an excitation-
emission state. An electric frequency current is applied to the excited plasma to 
generate an ionized gas and an electromagnetic field applied to differentiate the 
elements. As the excited atoms return to their low energy position, an emission 
spectrum occurs which can be analysed by photo spectrometry, the intensity of the 
emission gives the concentration of each element.  
Calibration solutions were prepared in a concentration range 0/2/4/6/8/10 mg/L and 
run before each series of test samples. The machine software provides calibration 
curves to check the R2 is close to 1 and run duplicate tests to give an assessment of 
error.  
NH4 
NH4 was analysed using a colorimetric test kit (Hach LCK 303) with photometer. 
The samples were diluted to bring the concentration of NH4 to between 2.5 and 60 
mg/L based on previous experience of the influent and effluent values. 2 ml samples 
were used and reagents added (troclosene and sodium nitroprusside), according to 
the manufacturer’s instructions. The precision of this analysis is reported to be ±5% 
by APHA. 
pH 
The pH value was measured using a commercial meter with temperature 
compensation using the standard potentiometric method (HANNA HI9812-5). The 
instrument was calibrated before testing each day’s samples by standard buffer 
solutions at pH 7,4 and 9. The accuracy of this analysis is reported to be ±5% by 
APHA.  
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Temperature 
The temperatures of the samples were manually recorded at the rig using a mercury 
thermometer (Fischer Scientific).  
TOC 
The concentration of organic matter in wastewater is routinely analysed by chemical 
(COD), biochemical (BOD) and physical techniques (TOC). TOC uses a physical 
combustion method to achieve complete oxidation. A commercial total organic 
carbon analyser (DC-190) was used in this study. These machines use infra-red 
analysis for the resulting CO2 initially from total carbon (TC) and then by subtraction 
of the separate inorganic carbon (IC) content. 50µL volume samples, injected by 
syringe into the machine, were used in this research. Average values and standard 
deviation were calculated by the machine from a number of separate IR readings. 
The standard deviations of the results were usually < 1%. The analysis was based on 
standard method (APHA, 2005). The precision of this analysis is reported to be ±5% 
by APHA. 
TSS 
TSS is a measure of the portion of solids larger than 1 µm following filtration, it can 
be measured on either a mixed or a settled sample to represent primary settlement. 
The post column or effluent test can also be used as an indicator of filter biomass 
turnover as a result of washout and grazer activity (Hawkes & Jenkins, 1955). The 
analysis was based on the standard methods (APHA, 1998). The well-mixed sample 
was filtered through a pre-weighed filter paper (Whatman GFC ,ø70 mm) with the 
pore size of 1.2µm ±0.3µm. The filter paper with accumulated solids dried at 
between 103 to 105ºC for 3h and reweighed after cooling in a desiccator. The 
increase in weight of filter paper was calculated as the TSS in mg/L. The precision of 
this analysis is reported to be ±5% by APHA. 
The formula used to calculate TSS is:  
TSS (
mg
L
) =
(𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑙𝑡𝑒𝑟 𝑎𝑛𝑑 𝑑𝑟𝑖𝑒𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 − 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓𝑓𝑖𝑙𝑡𝑒𝑟 ) × 1000
𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒(𝑚𝐿)
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Turbidity  
None settleable or colloidal solids can be measured by turbidity.  The analysis is 
carried out optically by light scattering (nephelometry), which uses light detectors at 
90º to the sample to measure scattered light. The light scattered by the sample under 
defined conditions is calibrated with standard clay samples under the same 
conditions. The turbidity results are expressed in nephelometric turbidity units 
(NTU). In this research a Hach Turbidmeter (2100N) was used and re-calibration 
was undertaken before every use depending on the detection range. Analysis was 
based on the standard methods (APHA, 2005) where the precision of turbidity is 
reported to be ±5% by APHA.  
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3.4 Procedure of the static tests  
 Stage one: media selection 
Several groups of tests were carried out. The first group of tests determined P 
removal effect according to pH and P concentration by shark flasks for 3hours. The 
second group of tests were similar as first with shaking for 24 hours. Then, the best 
performing media were selected from each duration of test.  
The batch experiments were used to obtain the adsorption rate for phosphorus as 
orthophosphate (PO4). For these studies, a series of 250mL flasks were employed. 
Each flask was filled with 100mL of standard solution and kept in a thermostatic 
shaker at 25℃. Known amounts of media were added to each of the flasks and 
agitated at 180 rpm for the experimental period. After that, the residual 
concentrations of P were determined. The P and pH analysis methods see section 3.3.  
Materials   
Several of media were tested including crushed concrete, Maifan stone, Zeolite, 
Dolomite and Brick, and their results summarised and compared with material 
reviewed in the literature review part (see Table 3.2.2 and Table 3.4.1). All the media 
were ground down to a grain size range of 2-5mm.    
Table 3.4.1: media properties 
Media Specific surface 
area(m2/m3) 
Void Dry unit weight, 
kg/m3 
Maifan Stonea 50 35.8% 1450 
Zeoliteb 36 53% 2170 
Dolomitec 34 43% 2780 
 
a.  
 
b.  
 
c.  
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 Stage two: concrete study 
The RCA was further crushed into a size range 2-5mm, washed by deionised water 
and dried in oven. The tests was design for evaluating adsorption rate and 
equilibrium date of RC. 
Sorption studies 
Batch experiments were used to obtain an adsorption rate, optimum operating 
conditions and equilibrium data of the various absorbents under test for phosphorus 
removal. 250mL Erhlmeyer flasks were used and each flask was filled with 100mL 
of a standard P solution and experiments run in a thermostatic shaker at 25℃. Known 
amounts of media were added to each of the flasks and agitated at 180 rpm. 
Following the defined periods, the solutions were filtered by a 0.45µm membrane 
filter and the residual P concentrations were determined by Inductively Coupled 
Plasma, ICP (Shimadzu-9000) and method see section 3.3: Dissolved P. All tests 
were in triplicate and the standard error determined. The amount of adsorbed was 
calculated using the following formula:  
qe =
V(Co − Ce)
W
 
Where qe is the adsorption capacity (mg/g), Co is the initial concentration of solution 
(mg/L), Ce is the concentration after adsorption (mg/L), W is the weight of adsorbent 
(g) and V is the volume of solution (L) 
Several tests were arranged to find the optimum operation condition: 
1. Effect of pH of solution on sorption 
The pH of the solution was varied between 6.0 and 8.0. It was adjusted by using 
0.1M HCl/NaOH with pH meter (HANNA HI9812-5). Dried concrete particles (5g) 
were then added to the 100ml solution which contained 20mg/l of P.  
2. Effect of dose of sorbent on phosphorus sorption 
The dose of sorbent was studied. It was varied in the range 1-10g.These different 
amounts of aggregate were added to the 20mg/l P solution at a fixed pH 5.  
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3. Effect of initial phosphorus concentration  
The effect of initial phosphate concentration studied was in the range 5-30mg/L. 
Sorbent (2g) was added to the 100ml of solution with these various phosphorus 
concentrations, also at a pH of 5. 
4. Desorption of P 
The P treated RCA from the previous experiments, with 2g of RCA were elutriated 
with 100ml deionised water in Erhlmeyer flasks. After 24hrs of shaking, the filtered 
liquid was analysed for residual P concentration. These tests were also were 
conducted in triplicate.   
Equilibrium study 
The equilibrium experiment was used to evaluate the adsorption capacity and provide 
information on the mechanisms of RCA adsorption. The most widely used equations 
are Freundlich and Langmuir isotherms. The Freundlich equation is based on 
sorption on a heterogeneous surface of independent adsorption sites (Cheng et al., 
2015). The linear expression Freundlich equation is given by equation 1 below: 
logqe = logKf +
1
n
logCe 
 
(1) 
Where Kf(L/mg)= Freundlich equilibrium constant; n=dimensionless correction 
factor. By plotting 𝑙𝑜𝑔𝑞𝑒 versus 𝑙𝑜𝑔𝐶𝑒, these constants can be determined.  
 
The Langmuir isotherm is based on the idea of a monolayer sorption onto the surface 
from a finite number of identical sites, homogeneously distributed over the sorbent 
surface. It is defined and given by Eq.(2) (Cheng et al., 2015):  
1
qe
=
1
qm
+
1
KLqmCe
 
 
(2) 
Where qm (mg/g) is the maximum adsorption capacity of a specific adsorbent; KL= 
Langmuir isotherm constant (L/mg); By plotting 
1
𝑞𝑒
 versus 
1
𝐶𝑒
 , these constants can be 
determined.   
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The Temkin and the Dubinin-Radushkevich isotherms are based on a thermodynamic 
analysis of the adsorbed adsorbate interactions. These models predict that molecular 
adsorption would decrease the energy or heat as adsorption in the layer occurs (Dada 
et al., 2012; Gu et al., 2013; Tewaria et al., 2005).  
qe = B ln AT + B ln Ce (3) 
Where 𝐴𝑇 =Tempkin isotherm equilibrium binding constant (L/g); B =constant 
related to heat of sorption (J/mol). The constants determined from the slope and 
intercept, by 𝑞𝑒 against  𝐶𝑒.  
 
Dubinin–Radushkevich commonly used to describe the adsorption mechanism with a 
Gaussian energy distribution onto a heterogeneous surface. It was reported to be 
suited to high and medium concentration solutions (Dada et al., 2012). 
lnqe = ln(qs) − (Kadε
2) (4) 
qs = theoretical isotherm saturation capacity (mg/g), Kad = Dubinin–Radushkevich 
isotherm constant (mol2/kJ2) and 𝜀 = Dubinin–Radushkevich isotherm constant. The 
value of Kad can be determined from the slope of a plot of  𝑙𝑛𝑞𝑒 versus 𝜀
2.  
 
Frumkin is introduced an extension of Langmuir isotherm for monolayer adsorption 
to take into account solute-solute interaction at a non-ideal surface (Agrawal et al., 
2011). 
ln (
θ
1 − θ
Ceq
) = ln Kfr + 2αθ 
 
 
(5) 
Where 𝜃 = fractional surface coverage; 𝛼 = lateral interaction coefficient; Kfr(L/g) 
=Frumkin equilibrium constant.  
 
The BET equation was also introduced as an extension of the Langmuir model to 
take into account multi-layer adsorption. It assumes equal energy of adsorption for 
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each layer except the first layer and there are no interactions occur between layers 
(Dawodu & Akpomie, 2014). 
Ce
qe(Cs − Ce)
=
1
qsCBET
+
(CBET − 1)
qsCBET
(
Ce
Cs
) 
 
(6) 
Where Cs = adsorbate monolayer saturation concentration (mg/l); CBET = BET 
adsorption isotherm relating to the energy of surface interaction (l/mg) 
Kinetic study 
For the reaction rate experiments, 100ml of solution containing 15mg/l P was set up 
in the Erlenmeyer flasks with 2g of adsorbent, with constant shaking for 24h and at 
the selected times 10ml supernatant solution was sampled. The samples were filtered 
by membrane filter (0.45µm) and analysed by ICP for P concentration. Four kinetic 
models have been used to analyse the data. First-order order equations were applied 
to the rapid initial phase and given by:   
log(Qe − Qt) = −
k1
2.303
t + logQe 
(7) 
Where 𝑄𝑡 = the amount of adsorption time (min) (mg/g); k1 = the rate constant of 
pseudo first-order sorption (l/min), which can be determined from the slope of the 
plot of the log(Qe-Qt ) against t. Similarly, the pseudo second-order used was in 
following form: 
 
t
Qt
=
1
k2Qe2
+
1
Qe
t 
(8) 
Where 𝑘2= the rate constant of the second-order equation, which can be determined 
from the intercept of the linear plot t/ Qt  versus t.  
 
This type of analysis was used to construct the Elovich model which has previously 
been used to study NH4
+ removal during wastewater treatment and was modified by 
Chien and Clayton (1980). It is expressed as:  
Qt = (
1
β
) ln(αβ) + (
1
β
) ln t 
(9) 
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Where 𝛼 𝑎𝑛𝑑 𝛽 are constants. By plotting Qt against 𝑙𝑛 𝑡, it show a linear 
relationship with a slope of 1/ 𝛽 and an intercept of  (
1
𝛽
) 𝑙𝑛(𝛼𝛽).  
 
Fractional power model is modified from Freundlich equation and given in follow: 
ln qt = ln a + b ln t (10) 
Where qt = the amount of adsorbate sorbed by adsorbent at a time t; b =constants 
with b<1, which can determined by 𝑙𝑛 𝑞𝑡 versus 𝑙𝑛 𝑡.  
Thermal dynamic study 
Similar experiments were carried out at 27, 40 and 50C at 15mg/l initial 
concentration of P with 2g of RCA was added to 100ml of solution. The results were 
analysed to find the adsorption rate at these different temperatures. The 
thermodynamic parameters calculated were (Gibbs free energy(∆G°), Enthalpy 
change (∆H°) and entropy change (∆S° )) according to the procedure described by 
Tosun (2012). The ∆G° was determined from the following equation:  
∆G° = −RTb (11) 
  
Where R = gas constant (8.314J/mol K); T =absolute temperature; b = the 
distribution coefficient., which was calculated as follows: 
 b =
Ca
Ce
 (12) 
  
Where Ca= equilibrium concentration of P on adsorbent (mg/L). The relation 
between (∆𝐻°),   (∆𝐺°) 𝑎𝑛𝑑 (∆𝑆° ) can be obtained by following equation: 
∆G° = ∆H° − T∆S° (13) 
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3.5 Infinite Focus Microscope 
IFM is a development of optical microscopy using software to measure variation in 
focal depth. The principle was first published by Helmholtz in 1924 (Helmli, 2011), 
while IFM now become a new technique for studying surfaces or surface metrology. 
Unlike SEM, IFM can quantitatively measure surface texture or deviations in a 
surface character. The technique has been used in a number of fields but not yet in 
water filtration, for example Liza et al. (2011) reported on using IFM for examining 
changes and therefore durability of biomedical implants. IFM has also been applied 
in archaeology to recreate and reconstruct historical textile fragments by Calveret al. 
(2014) and in zoology by Purnell et al., 2012. Currently, the greatest use of IFM is to 
measure wear in machinery (Danzl et al., 2011; Yusof & Ripin, 2014).  
Methodology 
There have several standards for surface metrology, such as ASME B46, ISO 4287, 
ISO 12085, ISO 13565 and ISO 25178. The standard defines the main parameters of 
three-dimensional surfaces showed in Table 3.5.1.  
Table 3.5.1: surface metrology parameters 
Parameter Definition  
Sa Roughness mean 
Sq Root mean square of mean roughness 
Sv Maximum pit depth 
Sz Maximum height of the scale limited surface 
IFM was used to compare and analyse the concrete media surface tested before and 
after the P absorption test. The media were the two different W/C and the 
commercial, recycled, crushed concrete from described in section 3.2: stage two. The 
detail methods were adapted from Keeley (1980), each sample was cleaned by lightly 
brushing with deionized water at room temperature using a soft tooth brush to 
remove dust. In this study, chemical cleaning is not recommended due to the acid 
and alkaline react with sediments and not gives an actual surface texture. 
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Approximately 5-10mm sized samples were scanned using 5X stage objective and 
data from 10 fields of view analysed (see Table 3.5.1). 
 
Figure 3.5.1: IFM (Alicona, Infinite focus) 
 
 
 
 
 
 
 
 
Chapter Three: Methodology 
 
79 
 
3.6 Size fractionation of P and TOC 
In order to determine the size distribution of pollutants before and after the column 
tests, influent and effluents were filtered through known pore size sieves and 
membranes. 50ml of each sample was collected and (10ml) was used to measure the 
concentration of the other sanitary parameters. The remaining amount was analysed 
by sequential sieving and filtration. Firstly, a metal sieve was used (<63 µm) to 
separate the larger particles followed, by a 2-5 µm filter paper (Waterman, 540) and  
then a 0.63 µm membrane (Fisher Scientific) to define the amount of soluble P. In 
order to avoid cross contamination, the sieve and filtration apparatus was washed by 
de-ionised water before used.  The sequence was therefore arranged in decreasing 
pore size: 63 µm, 2-5µm and 0.63µm(see Figure 3.6.1).  
Influent/effluent sample
Well mixed
Fractionation
63µm sieving2-5µm sieving0.63µm sieving
analysed on:TOC and P analysed on:P analysed on:TOC and P
Unfiltered 
analysed on:TOC and P
 
Figure 3.6.1: flow chart of wastewater fractionation procedure 
Analytical methods 
P and TOC were measured. The methods as described in section 3.3: Dissolved P 
and TOC. 
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3.7 Fractionation of inorganic phosphorus 
Sequential extraction to determine the various forms of P- was first established by 
Dean (1938) to measure the availability of P in soils. These initial tests used acid or 
alkaline reagents to extract the different forms of inorganic phosphates (IP) in soils 
and was used to determine the chemical reaction that occurred between the RCA 
surface and P. Chang and Jackson (1957) developed a more detailed fractionation 
procedure for IP. They identified four main groups: LBP, Al-P, Fe-P, Ca-P and O-P. 
Most of the procedures for P characterisation that have been subsequently reported 
are based on this original method but with modification or improvement. Normally, 
Ca and Mg-P are extracted together by HCl  (Leader et al., 2008; Reddy et al., 1998; 
White et al., 2011). The Mg-P amount is usually determined separately by Mg-Ca-P 
minus Ca-P.  
For this fractionation study, 2g of RCA were extracted using the Chang and Jackson 
(1957) method as modified by Hartikainen(1979) method (see Table 3.7.1). After the 
standard adsorption test with an identical concentration of P shaken for 24 hrs, the 
RCA was subjected to the sequential extraction test. Three parallel tests were 
involved and standard error was determined. The dissolved P test methods see 
section 3.3: Dissolved P.    
Table 3.7.1: Inorganic phosphorus by a sequential extraction for filter media (Wang et al., 2013) 
(Hartikainen, 1979) 
Step Inorganic P Extraction Reagents Concentration Condition  
I LBP NH4Cl 1 mol/L 50ml, shaking 0.5h 
II Al-P NH4F (pH 8) 0.5 mol/L 50ml, shaking 1h 
III Fe-P NaOH 0.1 mol/L 50ml, shaking 2h 
IV O-P CDB (pH 7.6) - 45ml, shaking 0.5h 
V Ca-P H2SO4 0.5 mol/L 50ml, shaking 1h 
VI Mg-Ca-P HCl 0.5 mol/L 50ml, shaking 1h 
Note: CDB (Sodium citrate-sodium dithionite-sodium bicarbonate) 
Na3C3H6O7 (0.3M), NaHCO3 (1M), Na2S2O4(1g) 
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4. Chapter Four: Media selection 
The review of the literature suggested several novel filter media for the experimental 
tests. The criteria used were easy availability, chemical composition and properties, 
together with mechanical strength.  These were zeolite, Maifan stone, dolomite, 
recycled crushed concrete and brick. It was decided to compare these with blast 
furnace slag and a plastic media as two different types of control. This chapter 
reports on the performance of the media as wastewater filters tested under both 
dynamic and static conditions. The aim of the dynamic tests, using pilot scale TFs, 
was to identify pollutant removal efficiency especially phosphorus the theme of this 
thesis. The static tests focused on which media were best at P removal. The best 
results from these two experiments were used in further pilot studies. 
4.1 Dynamic tests 
The dynamic test was designed for trial the filter media treating the wastewater in 
tricking condition. The lab-scale TFs were workshop made for this research in the 
Department of civil & building engineering laboratory, Loughborough University. 
The methodology see chapter 3.2: stage one-intermediate rate study.  
4.1.1. Results and discussion  
The results of this study demonstrate that four media are all effective material to 
treat wastewater. Two parts of results show below: 
 A study of the performance of four media under in TF intermediate rate 
condition (selecting last half month) 
 A study of biofilm microbiology 
The Performance of Four media  
The half month steady state data period was selected for presentation due to the wide 
variations in the earlier data. Table 4.1.1 compares the average performance from the 
four media as influent and effluent characteristics. The pollutant concentrations of 
the influent varied, which could simulate variability in real sewage. Although the 
standard deviation (SD) was lower, but it might be anticipated from combined 
sewerage systems (storm and foul). A typical settled sewage strength in Europe (EU 
urban wastewater directive, 1991) is around 150-250mg/L COD according to storm 
water and about 100-150mg/l suspended solids. In this study, the feed strength was at 
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the high end of this range on the assumption that low volumes of storm water are 
likely to be more representative of developing countries (detailed in the Literature 
review 2.1.3:a. domestic ). The discharge standard required reinforced by the 2003 
EU Water Frame Work Directive is a maximum of 125mg/L COD, 5mg total N, 1mg 
total P and 35mg/L SS (detail see: Table 2.1.7). This was used as an important index 
for examining the performance of media.  
Table 4.1.1: the influent and effluent average value and SD for four columns 
 Average valuea Removal (%) 
COD(mg/l) Influent 252(±44)  
Effluent Kaldnes 174(±23) 31% 
Blast furnace slag 140(±30) 44% 
Crushed Brick 150(±30) 40% 
Crushed Concrete 160(±36) 37% 
TSS(mg/l) Influent 130(±26)  
Effluent Kaldnes 63(±17) 52% 
Blast furnace slag 54(±30) 58% 
Crushed Brick 40(±21) 69% 
Crushed Concrete 45(±26) 65% 
Temperature Influent 20(±1.4)  
Effluent Kaldnes 15(±1.9)  
Blast furnace slag 16(±1.8)  
Crushed Brick 16(±1.6)  
Crushed Concrete 15(±2.1)  
Turbidity Influent 52.0(±8.5)  
Effluent Kaldnes 26.3(±5.8) 49% 
Blast furnace slag 25.0(±17.8) 52% 
Crushed Brick 19.4(±6.3) 63% 
Crushed Concrete 20.0(±8.0) 62% 
NH4(mg/l) Influent 20.42(±4.6)  
Effluent Kaldnes 22.0(±6.1) -8% 
Blast furnace slag 17.2(±4.9) 16% 
Crushed Brick 20.0(±5.0) 2% 
Crushed Concrete 16.9(±5.1) 17% 
Dissolved 
P(mg/l) 
Influent 2.3(±0.4)  
Effluent Kaldnes 2.9(±0.5) -26% 
Blast furnace slag 3.2(±0.5) -39% 
Crushed Brick 3.6(±0.6) -57% 
Crushed Concrete 2.8(±0.4) -22% 
TOC(mg/l) Influent 26.4(±6.0)  
Effluent Kaldnes 21.3(±6.3) 19% 
Blast furnace slag 21.7(±5.2) 18% 
Crushed Brick 25.4(±3.2) 4% 
Crushed Concrete 21.2(±4.3) 20% 
a mean of the last half month 
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COD removal efficiency of TF 
The experimental results of the COD concentration in influent and effluents for the 
duration of the experiments are shown in Figure 4.1.1. As can be seen from the Table 
4.1.1, there was variance in the COD concentration of influent which fluctuated with 
a standard deviation of 44 (20%). The variation in feed strength was greater than 
anticipated given the synthetic feedstock and the indoor operation. It was concluded 
that these changes were as a result of biofilm growth in the feed pipe network and 
storage tank as well as an increase in temperature from the constant recycling 
through the pump (see Figure 3.1.1). These changes were inconsistent because of 
irregular periods between clean downs (triggered by observation) and the variability 
in ambient temperature. This was a flaw in the design and could have been overcome 
by a constant temperature device and regularised cleaning but these were beyond the 
resources at the time.   
The variances in the effluents were less 30 or 25%, the standard deviation of Kaldnes 
was the lowest at 23 but gave the weakest performance. The Slag showed the best 
COD removal and it was concluded this was due to the combination of greater 
surface area and roughness (see Table 3.2.2). In theory the Kaldnes has the largest 
surface area, but the biofilm was not fully developed due to short retention time and 
lack of water hold up. It was therefore concluded that the surface character was more 
important than superficial surface area. This was corroborated by the results from the 
brick and concrete which although lower in surface area than the Kaldnes gave a 
better COD removal. The average COD removal efficiencies of media were 44% 
slag, 40% Brick, 36% concrete and 31% Kaldnes.  
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Figure 4.1.1: COD concentration of influent and effluent 
In this study, the organic load was 1.14 kg COD/d/m3 by assuming a 2.5 COD:BOD 
ratio converts to 0.45 BOD /d/m3, which is towards the higher end of the 
intermediate rate trickling filter range.Therefore, the organic removal and its 
consistency was within the expected range and by checking the classification chart 
(Table 2.2.1). Chernicharo and Nascimento (2001) presented results from a study at a 
similar organic loading (< 3kg  COD/𝑚3  ∙ 𝑑) and the average COD removal 
efficiency ranged from 30% to 50% with local gravel media which are similar to the 
current research. The Marquet (1999) study at Loughborough was at the standard 
lower rate of 0.8kg BOD /m3/day or 0.9 𝑚3/𝑚2  ∙ 𝑑. Set to achieve consistent 
nitrification under UK conditions (Table 2.2.1). TF using slag and the maximum 
COD removal was 83%. Other lower rate studies included Kornaros and Lyberatos 
(2006) who used silica gravel as filter media at a hydraulic loading of 
 0.6 and 1.1𝑚3/𝑚2  ∙ 𝑑. Their lower loading also gave better results with up to 85% 
COD removal. Hua et al. (2003) reported COD removal efficiency at two hydraulic 
loads high and low using a full scale, fine sand, filter with  67% to 79% COD 
removal respectively (average 75% COD removal). Dalentoft et al. (1997) conducted 
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a high rate organic load study for similar Kaldnes (15 − 25kg COD/𝑚3  ∙ 𝑑) in a 
mixed aerated biological filter, COD removal was 40-50%. By reviewing the 
literature, the lower rate studies present better COD removal than high rate.  
Guo et al. (2009) conducted a test to compare the performance of crushed brick and 
concrete as sub-base for a pilot-scale bio-filter as part of a wet land. The average 
COD removal of the sub base of a wet land was 37% and 43% for concrete and brick 
with a 144h retention time and low hydraulic loading(0.075𝑚3/𝑚2  ∙ 𝑑). These 
results are however from a different application of these construction waste materials 
used in a totally submerged anoxic condition. Compared with performance of semi-
submerged condition, this indicator that dissolved oxygen is an important 
performance parameter. Also, in the tests reported here it is concluded that the poorer 
COD performance of this study. It was caused by the greater loading and poor 
growth of biofilm due to warm temperatures and lower dissolved oxygen.  
TOC removal efficiency of TF 
Once the column biofilm had matured the removal of TOC was stable (see Figure 
4.1.2). Kaldnes, slag, crushed brick and concrete gave similar results, 19%, 18% and 
20%, respectively.  
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Figure 4.1.2: TOC concentration of influent and effluent 
Various studies have reported similar removal of TOC by TF, Duddles et al. (1974), 
for example, determined TOC removals of 25%, Yang et al. (2000) reported on TOC 
removals from a SAF filled with plastic media. They mentioned that SAFs and TF 
were limited in their ability to remove TOC with less than 5% removal. Martienssen 
et al. (1995) compared TOC removal from leachate by the A/S process, fluidised bed 
reactors and TF. The limited TOC elimination was also been observed by TF.  
Hu (2008), on the other hand, reported 93% TOC removal from SAF packed with 
Kaldnes and wool fibre, the results from both materials were similar. The operating 
temperatures were similar between 12.5-19ºC for the Hu (2008)’s study and 15-20 ºC 
in the research reported in this thesis. It was suggested that there were possible 
reasons for these large differences in performance (less than 20% in this study). 
These could be: the higher hydraulic loading in this study, the better mixing in SAFs 
giving greater retention times and  more efficient wetting of the larger surface area 
available from the wool fibre and Kaldnes for the treatment of more recalcitrant 
organic carbons represented by TOC analysis. These ideas are supported by the 
literature review, but were also corroborated by Kang et al. (2007), who compared 
TOC removal under low, medium and high hydraulic loading and reported the lower 
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loading gave the highest removal. Similar results were reported by Tanaka et al. 
(2002) who tested a low rate laboratory-scale TF, which showed an initial TOC 
removal of more than 50% but then, the removal efficiency dropped after a few days. 
Influent and effluent TOC concentrations became almost same and the authors 
suggested this could due to the generation of recalcitrant metabolic by products by 
the more mature biofilm, the initial higher biodegradation was due to adsorption of 
organic matter onto the media surface and the initial low biofilm growth. This idea 
was supported by Sa ( 2001) and van Den Akker et al. (2010) who proposed that 
there was regeneration of TOC as a result of biofilm breakdown in the lower depths 
of Trickling filters (TF). The highest organic carbon removal activity typically 
occurs in the top bed depth of 0.3 m. As a conclusion, the TF present lower TOC 
removal than other processes. The test time and growth of biofilm may affect 
removal in present study.   
Links between TOC removal and nitrification have also been reported by 
Abeysinghe et al. (1996). An depth of the filter presented siginificant TOC 
conversion, but insignificant nitrification was observed. Increasing the biofiltration 
rate resulted in the involvement of larger volumes of the biofilter in TOC conversion 
and reduced the volume available for nitrification. The relation of TOC concentration 
and nitrification rate was further explained by Abeysinghe et al. (1996). They found 
12 COD mg/l was speration line between heterotrophic and nitrifying zones in the 
reactor. This similar studies also reported by Parker and Richards (1986) and Wanner 
and Gujer (1985). They stated the threshold was about 20 BOD mg/L and 27 COD 
mg/L for tricking filters. This leads to the conclusion that the optimum conditions for 
TOC removal would be at lower organic loadings, at TOC <125mg/L, the removal 
rates reach 85% (Martienssen et al., 1995). It is similar to those reported by Hu 
(2008). 
TSS removal efficiency of TF 
Figure 4.1.3 shows the TSS concentrations during treatment. The influent SD was 25 
and TSS removal efficiency by Kaldnes, slag, brick and concrete averaged 52%, 
59%, 70% and 65% respectively over the steady state period. The effluent quality as 
SS was the least consistent from the slag, with a SD 30 (see Table 4.1.1).  
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Figure 4.1.3: TSS removal 
Compared with other studies, the overall TSS removal was fair by these media, 
particularly concrete and brick. Harrison et al.(1984) conducted a survery of 53 full 
scale TF plants performance and found average TSS removal was around 62%.  
Previous literature suggests the higher the concentration of TSS in the influent the 
higher the effluent concentration of TSS of TF. Matasci et al.(1986) who found direct 
increases in effluent solids in four full-scale low rate TF plants when feed solids 
were greater. They also noted that feed TSS concentration affected other TF 
performance indicators (e.g. BOD). Similar conclusions were made by Sarner (1986) 
and Richards (1986) from pilot-scale TFs. For the lower rate TF, most of TSS can be 
removed (Karadag et al., 2006).  
Therefore it was concluded that a model based on solids loading could be used to 
predict the measured values, similar performance was observed for all four columns 
suggesting it was the number of adsorption sites that was important. Research on 
completely mixed submerged filters by Biesterfeld et al. (2003) with a 5 hour 
retention bench test showed less than 50% of TSS was removed indicating the role of 
hydraulic shear forces as well as number of adsorption sites in performance.   
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Figure 4.1.3 shows that the early effluent TSS were higher than the influent. Solids 
shedding or sloughing from TF has been extensively researched because of the 
effects on general effluent quality (Hawkes & Jenkins, 1955).The key influences 
identified by the literature review were found to be temperature which controls 
biofilm turnover and autolysis. Temperature combined with photoperiodism also 
affects the grazing activity.  Increased effluent TSS is also caused by hydraulic 
surges causing greater shear. Harrison and Daigger (1987) demonstrated that effluent 
TSS concentration was affected by flow pattern and degree of turbulence within the 
filter. From their research they suggested when the media was at 60º degree rather 
than 90o there was less turbulence and shear to mobilise bio-solids. This resulted in 
greater settleability and lower effluent TSS. The size of the particles in the influent 
could also affect TSS removal (Marquet, 1999). The feed TSS in this study was 
starch and dextrin both are soluble and easily biodegradable compared to other in 
sewage. In this study it was clearly that brick and concrete were more easily eroded 
and shed solids compared to Kaldnes and slag.  
Turbidity removal efficiency of TF 
The Table 4.1.1 summarised turbidity in the influent and effluents from the media. 
All the media showed a progressive improvement in consistency with time. The 
turbidity removal efficiency averaged at 49%, 52%, 63% and 62% for Kaldnes, Slag, 
Brick and Concrete respectively (see Figure 4.1.4) following previous trends and the 
link to surface texture. 
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Figure 4.1.4: Turbidity removal 
Dahling et al. (1989) conducted research on turbidity removal for full scale TF plants 
compared to A/S processes in the USA. TF achieved about 50% turbidity removal 
and not as good biological flocculation as the A/S process. The results in Figure 4.1.4 
demonstrate that it is hard to achieve low turbidity by one stage TF filtration and 
typical trickling filter effluent has greater turbidity than 10 NTU (Faller & Ryder, 
1991). Most previous authors have noted it was difficult to achieve consistency in 
order to meet the standard international discharge standards. It has also been 
concluded that this is due to the periodic discharges of dislodged biofilm (Hawkes & 
Jenkins, 1955).  
The effluent turbidity is also directly related to COD, BOD and TSS and often used 
as a simple, single, indirect measure of effluent quality. For example Faller and 
Ryder (1991) were able to calculate a reproducible average ratio of turbidity/SS of 
1.25:1 for TF effluent. Turbidity although a measure of suspended solids it is more 
sensitive to smaller particle sizes since it uses scattered light from particle surface 
area.  Hannouche et al., (2011) reported a strong linear relationship between turbidity 
and TSS in  poorly settling suspensions (e.g. clay, bacteria, sediment, silt, alge, 
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nonsettleable solids), but a weaker link to suspensions with biological flocs. The TSS 
and turbidity relation in study was presented in Figure 4.1.5. The influent shows a 
stronger relationship than the effluents. This can be explained by the fact the 
synthetic feed would be expected to be more uniform, smaller particle size as 
discussed by compared with Hannouche et al. (2011). The weakest relationship was 
observed for the Kaldnes which was thought to be due to the lower proportion of 
biological film or humus. Other media showed similar relation and regression 
coefficient in range 0.4-0.5. This may due to the similar mineral characteristic and 
water hold up. 
 
Figure 4.1.5: TSS versus Turbidity  
NH4 removal efficiency of TF 
The effluent ammonia fluctuated in sympathy with the feed, but during most of the 
study the ammonia concentration was similar between influent and effluent and on 
some occasions was worse than the influent (see Figure 4.1.6). Protein deamination 
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means that ammonia concentrations increase during the early stages of domestic 
sewage treatment. This total ammonia load is then nitrified by autotrophic bacteria. 
In wastewater treatment nitrification is a two-stage process. Firstly, ammonia is 
oxidised to nitrite by bacteria of the genus Nitrosomonas, and then nitrite to nitrate 
by Nitrobacter spp. However, as noted both groups of nitrifying bacteria are slow 
growing, autotrophic and uncompetitive with carbon oxidising heterotrophs. 
Nitrification performance is therefore inversely related to organic load. Painter 
(1970) investigated the kinetics of nitrification and reported that organic matter did 
not directly inhibit nitrification, but the nitrifying bacteria were uncompetitive for 
space and oxygen. Therefore during biological filtration the heterotrophic film could 
adsorb organic matter without oxidation but nitrifying bacteria are aerobiotic and 
saturated oxygen concentrations are needed for ammonia oxidation to occur. Painter 
(1970) also noted that nitrifiers, as autotrophs, were also sensitive to toxic matter 
(e.g. heavy metals) initial ammonia concentration, temperature and pH.  
 
Figure 4.1.6: NH4 removal 
The upper part of trickling filters are exposed to the greatest concentrations of 
organic matter ensuring and normally the upper layers of TF are dominated by 
heterotrophs and the number of nitrifying activity increase with filter depth. In TF 
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designs therefore increases in organic load extend the activity range of heterotrophic 
bacteria deeper or to a lower level in the filter excluding nitrifying bacteria. These 
patterns of behaviour have been confirmed by a number of experimental studies, for 
example van Den Akker et al. (2010) demonstrated an inverse correlation between 
BOD5 load and nitrification performance De Almedia et al. (2009) reported on 
nitrification during high rate TF with BFS (13.6m3/m2 ∙d, organic load 0.29kg BOD 
m3/d). Ammonia removal was 27%, 80% is expected at low rates (CIWEM 1988). 
They concluded that reduced nitrification was because the filter was dominated by 
the heterotrophs restricting the depth available to nitrification.  Nitrification therefore 
is rarely successful unless the BOD is reduced to < 30mg/L and based on the low 
influent organic and TSS loads (Biesterfeld et al., 2001; Gray, 2004). 
Figure 4.1.6 shows all the media removed around 16% to 17% of ammonia. Slag and 
concrete removed more than brick and the effluent ammonia from Kaldnes was 
consistently higher than the influent. Perssona et al (2002) reported ammonia 
removal was around 80% in a full size TF filled with plastic media. Similar results 
were published by Bai and Wu (2007), who used a 6 month study to treat rural 
wastewater at small scale with a low rate TF filled with plastic media, average 
ammonia removal was 80%. Rogers and Kim et al. (2015), on the other hand also 
with a traditional low rate TF design filled with plastic media, reported a  40% 
removal of ammonia. Lower levels of nitrification from plastic media has been 
corroborated by other studies. Biddle and Wheatley (1994) for example compared 
BFS with plastic media for ammonia removal in TF. BFS removed 50% at low to 
medium loads whereas the plastic media only 20%. They concuded the better 
performance of the mineral media was due to a longer retention time at identical 
hydraulic loads which resulted in better biomass development and better heat 
retention.   
Nitrification rates according to organic loads are also reported for other fix film 
treatment processes. For example 80% ammonia removal was reported by Lekang et 
al. (2000) who used Kaldnes rings in a submerged aerated filter (SAF) under lower 
load (1.5 mg NH3/l). Abeysinghe et al. (1996) found little biodegradable TOC 
remained in the nitrifying parts of a SAF they were monitoring. Rogers and 
Klemetson (1985) compared four different fixed-film biological reactors for 
ammonia removal, included was a RBC biodrum,TF, and SAF. TF gave the lowest 
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ammonia removal. The results showed TF removed 50% at standard low hydraulic 
loading (0.012m3/m2∙d). Clark et al.(1978) investigated an RBC which was able to 
remove 0.86 𝑔/𝑚2 ∙ 𝑑 ammonia with BOD loading of 6 𝑚𝑔/𝑚2 ∙ 𝑑, but no ammonia 
removal with a BOD loading of 25 𝑚𝑔/𝑚2 ∙ 𝑑. Higher organic loadings were also 
reported to inhibit nitrification rate in RBC by Borchardt et al (1978) and Figueroa & 
Silverstein (1992).  
In this study, the poor ammonia removal was suggested to be due to poor biofilm 
growth as a result of the higher than standard hydraulic loading (See Chapter 2.2.4: a. 
Fundamentals of Biofilm). van Den Akker et al. (2010) mentioned that if hydraulic 
loadings increase to more than 2.5m3/m3∙d in a TF and the nitrification rate is 
dramatically reduced. Shi et al. (2010) also mentioned hydraulic loading affected 
ammonia removal rate and the lower loading produced better results due to less 
impact on biofilm. Higher hydraulic loads therefore increase heterotrophic 
dominance and distribution, displacing nitrifying organisms from the lower regions.  
In this study the concrete and slag gave better results than plastic and brick because 
of their rough surface and it was observed that the biofilm formed on the surface 
more easily and quickly. The Mg2+ contained in concrete and slag could also have 
generated alkalinity to release ammonia gas from the wastewater. A large fly 
population was observed during the test. Boller et al.(1986), mentioned that large 
numbers of fly larvae could affect NH4 removal by depleting the slow growing 
nitrifiers. He noted, corroborating earlier work by Hawkes & Jenkins (1955), that 
once the biofilm grazing reached equilibrium with biomass growth, then the filter 
will operate optimally. Thus the theory and practice of TF operation from the 
literature would suggest the lack of nitrification in our study was due to a high 
hydraulic load which was towards the high end of the intermediate range (CIWEM 
1988). 
 
Dissolved P removal efficiency of TF 
The P concentration of influent was 2.31 ± 0.39 mg/L which is too low for real 
sewage which is still almost 5mg/L. The steady state results, following a two month 
start up and commissioning  period, shown in Figure 4.1.7 indicates effluent P was 
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on occasion higher than influent. This was attributed to the breakdown of organic P 
into soluble P which was not re-adsorbed into new biomass growth. 
 
Figure 4.1.7: Dissolved P removal 
Previous work has reported contradictory removal of P by trickling filters. Harrison 
et al. (1984) for example conducted a survey of P removal by low rate TF in the 
USA. The results indicated an average P removal of 62%. Kim et al. (2015) found 
that a low rate TF filled with plastic media removed aound 40% of P. Lemji and 
Eckstädt (2014) operated a high rate organic load TF filled with standard sized rock 
(16-64mm). The results indicated the P removal was up to 75% at COD>1000mg/L. 
There are other reported cases using different types of fixed film reactors and 
applications, Jia et al. (2016) for example used a submerged, fine brick 
particle(<0.15mm), filled filter to remove TP from polluted river water during a 
90day experiment. The results showed the brick filter removed P for the initial 
30days but then the P concentration increased above the influent. 
Gakstatter et al. (1978) compared the effluent from three treatment processes in the 
USA. The P concentration from the TF was higher than the settled sewage, activated 
sludge removed and the stabilisation pond. It was concluded from these results and 
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literature that traditional bio-treatment, except those designed recently for BPR, 
cannot consistently meet the required discharge standards. Owen (1953) suggested 
that lime could be added to TF effluents prior  to settlement to enhance P removal by 
Ca-P precipitiate, currently iron salts are preferred to avoid excess sludge and high 
pH. 
The effluent P concentration from the four columns were higher than influent in the 
last period of the experiments reported in Figure 4.1.7, whereas in the early period of 
the tests, the media adsorbed up to 70% of the P. Brick sharply increased P by 58%, 
followed by slag 38%. Kaldnes and concrete rose 26% and 22%.  
Theory suggests that in biological processes including TF removal of P is limited by 
the microbiological growth cycle and the surface characteristics of the media become 
less important. The suggested explanation for our results is that the old biofilm was 
deteriorating and dying releasing P especially under anaerobic conditions. In this 
study an intermediate rate of filtration was applied and the solid slough from 
intermediate or high rate TFs is not well digested before discharge (EPA, 2000). 
Another reason could be that the media released P. A third less likely possibility 
could be that the media and biofilm desorbed P because of a lower P concentration of 
influent than before. This needs further work later in the project.  
Temperature effect on TF performance  
The temperature of the laboratory was around 18C. but heating from the feed pump, 
increased the average influent temperature to 20.1 ± 1.38. The temperature of slag 
effluent was consistently slightly warmer than the other media (see Figure 4.1.8), it 
was concluded this was due to the lower air flows through the media and air retention 
from the greater porosity. The density of the slag is less than the other mineral media. 
The temperature of Kaldnes was lower than others and this is due to the opposite 
effect, the high voidage of the plastics medium allows a greater degree of ventilation. 
This gives a greater variation and more rapid response to ambient temperature. These 
differences between plastic and mineral media have been widely reported (Biddle & 
Wheatley, 1994; Gray, 2004)  
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Figure 4.1.8: Temperature of influent and effluent 
Temperature has been shown to have its greatest influence on autotrophic 
nitrification. Huang et al. (2009) noted an increase of 10-30% in nitrification at 
higher temperatures and Gray (1980) reported a poor degree of nitrification from 
plastic media due to the lower temperatures. Nitrification is suspended at <10ºC and 
domestic wastewater is rarely less than 12 ºC in the UK (range 12-18 ºC) but the high 
rates of ventilation make plastic media vulnerable to poor ammonia removal in 
winter (Bruce et al. 1975). However, Parker et al. (1998) demonstrated nitrification 
in high rate plastic media in cold weather, as low as 10ºC, because the high hydraulic 
loads were able to counteract the ventilation rates .  
Gromiec et al., 1972 pointed out that Temperature as a fundamental influence on TF 
performance and also was summarised in the Literature review (2.2.5: temperature). 
However, in this study, the wide temperature effects were largely overcome by 
running the experiments inside the laboratory.  
Odour 
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The synthetic influent wastewater was still malodorous because of the warm 
temperatures inside the laboratory. The main source of smell came from influent 
storage tank and not from the columns. The problem was overcome by moving the 
storage tank out of the building. Most odorous gases are H2S and NH4 and their 
derivatives. Nielsen & Hvitved-Jacobsen (1988) and Boon & Lister (1975) derived 
equations for H2S release and using these equations it was calculated that the storage 
tank produced between 0.017ppm to 0.057 H2S which was below hazardous levels 
(see chapter 2.2.4: Biology of TF: d. Odour control).  
Microbiology of TF 
The ecology of TF in this study have similar characteristics with that submerged 
aerated filters and activated sludge. Figure 4.1.9 shows the biofilm in the four 
columns from the top cross section after 50 days of running. The columns contained 
a large population of sewage flies (Psychoda) (detail sees Figure 4.1.10). As can be 
seen from the Figure 4.1.9, the aggregate media have more biomass than plastic, 
especially slag and concrete. The Kaldnes only formed biofilm in the top layer. Due 
to the smooth surface of Kaldnes, the water passed through very quickly and the by-
products of are also washed away. Therefore, the biofilm was very different and the 
retention time was shorter. However, the half-wet condition was very suitable for fly 
growth. Also, Kaldnes can provide more oxygen than the other media due to greater 
void space. There was the greatest amount of biofilm formed on concrete surface. 
Due to the irregular shape of the concrete, anaerobic zones were formed in middle 
section and noticed as a black colour. Although the anaerobic condition can degrade 
sewage, it is less efficient at these low COD compared to aerobic treatment.  
Flies problem 
Half way through the experiments, large numbers of flies appeared throughout the 
concrete and brick columns. Their debris was washed out of the TF columns 
contributing to the SS, NH4 and P in the effluent. The literature review indicates the 
problem could be reduced by adding a layer of smaller size media at the top of the 
filters this impedes the flies escaping from the columns. Regular flushing of the bed 
with a higher hydraulic load can also be used as a method of fly control (Hawkes & 
Jenkins, 1955).  
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Figure 4.1.9: Biofilm status of four media 29/11/2014 
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Figure 4.1.10: Larva (left) and adult (right), sewage fly, Psychoda, Family Psychodidae 
 
Figure 4.1.11: Nematodes from concrete media 
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Figure 4.1.12: Peritrichous protozoa from Kaldnes media  
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4.1.2. Summary 
These dynamic tests have indicated the media was effective at removing traditional 
pollutants (e.g. COD, turbidity, TOC and TSS), but their performance for nutrient 
removal was not as good as some previous literature. The P balance between 
adsorption and release by naturally available mineral media will need further study. 
The Literature review suggested that at rural treatment plants with areas of land 
available could still meet international nutrients standards by reusing the effluent for 
irrigation or groundwater recharge. Therefore, these waste construction materials, 
namely concrete and brick, could be used as biological filter media for less 
developed rural areas.  
The experimental data was subject to a wider variance that expected for the well-
controlled conditions anticipated. This has reduced the reliability of the analysis of 
the results. 
There were operational problems with the experimental set up, the experiments were 
too warm (up to 40C.) normally, sewage has a maximum temperature of 17C. This 
was anticipated but the focus of the thesis was P adsorption onto common 
construction waste and well controlled conditions were needed. The warmer 
temperatures increased solubilities and biofilm growth compared to earlier literature 
results.  Another problem was that despite the continuous flows through the 
pipework, after a period, solids settled and biofilm grew on the pipe walls. This 
meant that wastewater characteristics were changed before the biological filter, this 
has previously been reported within sewers. However, if the pipe was cleaned too 
often, the hydraulic load was cyclical. During the tests, it was also found to be very 
hard to keep all the media surface wet within the column. The Perspex columns 
enabled visualisation of the flow paths, which indicated preferential and consolidated 
flow patterns. Therefore, some regions in particular the centre close to bottom layer 
may be in a relative dry condition. This needs further work with specialised wetting 
testing.         
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4.2. Static tests 
Pervious column tests (4.1) presented Kaldnes, BFS, brick and concrete removed 
efficiently amount of normal pollutants, but there was poor to remove nutrients, 
particularly P. These experiments were aimed at investigating the long and short term 
efficiency of phosphorus adsorption with variable concentration of P using novel 
mineral materials in static tests conditions.  
4.2.1. Results and discussion of static study  
Comparison of different media (short and long term) 
Results of 3h tests 
Figure 4.2.2, presented the P removal from the initial lower P concentration (5 mg/L) 
and some media were found to release P into solution. The Maifan stone released an 
extra 30%, brick 20% and zeolites 15% at pH 6. The leaching of P has not been 
previously reported in the literature, Maifan stone contained 0.3% of P2O5 as shown 
in table 2.2.5 in section 2.2.6: filter media and it is suggested that the oxidised P 
reacts with acid to release P. This was confirmed by Yan et al. (2007). They found 
the dissolution affected by pH. In acid condition (pH<6), the more P was dissolved to 
increase overall P concentration in solution. By increasing the initial pH to 7, the 
dissolution was terminated and adsorption rate was dramatically improved (see 
Figure 4.2.2). Concrete adsorbed 30% of P and the rest media removed around 10%. 
However, removal dropped again at pH 8. The whole trend of results demonstrated U 
sharp.  
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Figure 4.2.1: Effect of pH of solution on sorption of P. Dose of media 1g; contact time 3h; agitator 180-
rpm;initial P concentration 5mg/l; 
Figure 4.2.2, shows the different behaviour of media in higher P concentration 
(10mg/l). The removal efficiency of media increased with pH, the concrete and brick 
performance increased from pH 7 to pH 8. The adsorption ability of Maifan stone 
and slag was stable in the pH range at around 5%. Zeolite increased at pH 7, but fell 
and reduced again at pH 8. Brick dramatically increased in pH 8. Thus it was 
possible to conclude that the concentration and equilibrium solubility of the P were 
an important influence on the adsorption behaviour as well as the interactions at the 
media surface. 
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Figure 4.2.2: Effect of pH of solution on sorption of P. Dose of media 1g; contact time 3h; agitator 180-
rpm; initial P concentration 10mg/l 
Other studies have reported P removal by mineral media, Liu et al. (2008) for 
example, tested BFS at various pH and initial P concentrations at  a retention time of 
160min. Their results indicated better adsorption at lower pH (nearly 1200mg/g at 
pH 2). The authors suggested that the acid conditions created a postive ion charge at 
the BFS surface, which improved  ion exhange capacity and P adsorption. Yuan et al. 
(2005) conducted static tests for P removal, at 5 to 50mg/L concentrations, with 
zeolites, at a retention time of 120 minutes. Their results also contradicted ours by 
giving better P removal at lower initial P concentrations. Mao et al. (2014) published 
P removal results, from static batch tests, using fine brick particles (<63µm). Initial P 
concentrations were between 20-100mg/g in a pH range from 7.6-8.0, with a 
retention time of 96 hours. The results showed an adsorption capacity of up to 
45mg/g. 
In this study the removal results have not been as high as found in the literature with 
similar materials i.e. BFS and crushed brick. The previous experiments with BFS 
used a suspension of strong acid which was reported to increase surface charge but 
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this is impractical for wastewater treatment. The zeolites, which also gave good 
adsorption, are widely used for ion exchange and combining these results suggests 
ion exchange is an important mechanism for P removal. The brick used by Mao et al. 
(2014) was also much finer than used in our experiments (<63µm compared to 2-
5mm), reinforcing the conclusion surface area and charge are important mechanisms. 
Maifan stone because it contained aluminium and iron was expected to remove P but 
it did not. Maifan is a common magmatic rock deposit in China which when exposed 
to the atmosphere changes its mineral structure. Both physical and chemical 
properties are affected by the variable temperatures, pressure, oxygen, CO2 and 
water. Therefore it was anticipated that the media would release elements easily 
(Yao, 1991). Cui et al. (1995) for example, crushed maifan stone (1-2mm) in 
superheated (120ºC) distilled water for 30minutes, before elemental analysis by X-
ray. Mg, Al, Si, K, Ca, Ti, Fe and P were identified. Yan et al. (2007) stated that a 
smaller size, longer residence time and higher concentrations of solution could 
increase ion exchange from Maifan stone. Yan et al.(1997), compared the leaching 
from Maifan stone (3-5mm) from different strengths of acid solution namely: 
deionised water, 1% HAc and 1% HCl. HCl released the most ions as expected but 
there was also significant ion exchange from the deionised water.  
Teng et al. (2015) compared P adsorption by Maifan stone, scoria and gravel. After 
48 hours the Maifan stone removed 1.13% of P, equivalent to 0.76mg/kg adsorption 
capacity, similar to our results at the lower P concentrations (5mg/L). It was 
suggested that a key factor in performance was due to the electronegativity of the 
surface, this was caused by the generation of [SiO]-  ions  when submerged in water. 
P forms  𝑃𝑂4
3− when dissolved in water, inhibiting binding to negative surfaces.  
A further detail explanation of the mechanism was provided by Guo et al. (2004) 
(detail see Figure 4.2.3). They noted that after Maifan stone had been submerged 
then the water contained ions related to the characteristics of the maifan surface. It 
was noted that if the stone was weathered then the structure would be loose and 
porous allowing water to permeate and the ingress of air. Under these conditions 
more ions are leached from the maifan into solution. The water enters the stone 
through the water film and then hydration releases ions. These ions are soluble and 
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diffuse into solution whose transfer and diffusion rates depend on the concentration 
gradient. 
  
Figure 4.2.3: P dissolution procedure from mineral  
Results of the 24 h test  
The results from the longer duration test (24 hours) gave a similar pattern of results 
(Figure 4.2.4a) to the shorter test (shown in Figure 4.2.1), that was all the media 
(except concrete) released P at the lower concentration (5mg/l) and lower. The 
increase in pH to 7, allowed the media to adsorb and retain P, the concrete media 
removed about 50% (see Figure 4.2.4a). Thus it was concluded that equilibrium P 
adsorption, at least at low P concentration, occurred in 3h or less. An increase in 
initial P concentration (15mg/L), also mimicked the shorter retention time data, in 
that adsorption increased with pH (see Figure 4.2.4b). Once again concrete was the 
best absorber reaching 35% P removal at pH 8. A further increase in starting P 
concentration to 30mg/L. is shown in Figure 4.2.4c. All the media gave the best 
removal efficiency at pH 7. Concrete again had the largest adsorption capacity, P 
removal rates were greater than 50%. The other media released P at pH 6.0, as at the 
shorter retention times (3hours). 
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Figure 4.2.4: Effect of pH of solution on sorption of P. Dose of media 1g;; contact time 24h; agitator 180-
rpm: (a) initial P concentration 5mg/l; (b) initial P concentration 15mg/l; (c) initial P concentration 30mg/l 
The data in the above graphs shows the best P removal for all media was at pH 7 and 
at the mid to high P content solutions.  Li and Chen (2015) determined the best pH 
for P removal by zeolite was 7 and between 6-8 for Maifan stone, whereas Yang and 
Wang (2012) found alkaline pH (9.5) was optimum for BFS. It was concluded that 
pH exerted a strong influence on P removal because of the changes in phosphate ion 
speciation and media surface charge (see Figure 4.2.5). At pH <7, the P is in 𝐻2𝑃𝑂4
− 
form, at neutral pH, P exists as both  𝐻2𝑃𝑂4
− and H𝑃𝑂4
2−and at alkaline pH the P 
form is H𝑃𝑂4
2− and 𝑃𝑂4
3−   (Zhang et al., 2011).  
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Figure 4.2.5: P present different forms under different pH 
The hydroxyl ions at the mineral surface would also have different forms in water 
solution. As showed below: 
≡ 𝑚𝑒𝑡𝑎𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 − 𝑂𝐻2
+ ⇔≡ 𝑚𝑒𝑡𝑎𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 − 𝑂𝐻 + 𝐻+ ⇔≡ 𝑚𝑒𝑡𝑎𝑙 𝑒𝑙𝑒𝑚𝑒𝑛𝑡
− 𝑂− + 2𝐻+ 
 
These changes in ionisation enable alternative reactions at different pH at the mineral 
surface. Zhang et al., (2012) gave some examples such as the electrostatic attraction 
between 𝑂𝐻2
+ and anionic phosphate and ion exchange reactions with OH.  
Two other studies have published different pH optima compared with this thesis and 
the work noted above. Sun et al. (2012) reported P removal improved at alkaline pH, 
removal rate was around 65% at pH 9 with their natural zeolite compared to virtually 
none in the pH range 6-7.5. They argued this was due to the alkaline pH precipitating 
calcium-P rather than the ionic mechanisms noted by Li and Chen (2015) and Zhang 
et al., (2012). At pH 9.0 and above, OH- precipitate was formed both sweep flocking 
and forming Ca-P (Sun et al., 2012). Zhang et al. ( 2014), on the other hand, 
published futher data to indicate a lower pH was better for P removal. They 
suggested that the lower pH and greater concentration of  H+ promoted ion exchange 
between  H+ and the metals in the mineral surface to form insoluble metal P 
precipitates.They also suggested that higher pH would be counter productive as a 
result of excess negative ion generation and high electrostatic repulsive-forces 
between the mineral surface and P in solution.  
Figure 4.2.4c showed the media released the most P in high P content solution at 
lower pH. This may cause by higher differential concentration between solution and 
media. The greater differences encourage and speed up the P element leaching from 
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media transferring to solution. In this study, only concrete was effective at removing 
significant amounts of P. The other studies already discussed and have presented 
better results on P absorption. Lu et al. (2014) for example tested ten potential media 
including zeolite, Maifan stone, BFS and brick for nutrient removal in a 48h batch 
test. The results indicated BFS and zeolite removed about 75% of P, brick, Maifan 
and the remaining media removed around 40%.  
Zhang et al. (2012) also conducted batch tests over 100h retention time. The media 
included zeolite, pumice, slag and gravel for removing nutrients (nitrogen and 
phosphorus) at low P concentrations (P=0.2mg/L). The adsorption capacity of slag 
was the largest at 3.17mg/kg equilibrium was reached in 24hours. The adsorption 
capacity of zeolite was the next highest at 1mg/kg, the other media were lower. Wu 
et al. (2012) reported on Maifan stone and Zeolite filled within wetlands to treat 
synthetic wastewater (P concentration 0.3-5.05mg/L) over a 3 month period. The 
results showed Maifan stone and zeolite removed around 20% P. In another study 
Zhou et al. (2011), used Zeolite and Maifan stone in columns mixed in various ratios 
to remove nutrients from road runoff. The results were monitored over 50 hours and 
removal rate attained equilibrium 3hours. The maximum P removal attained was 
96%. Li et al. (2015) also tested reactor columns filled with Maifan stone and 
vermiculite for P removal in different ratios. The results from operating over 50 
hours showed the all Maifan stone column removed 80% of the P after 8hours. Li 
and Chen (2015) analysed phosphorus adsorption by Maifan stone and Zeolite over 
24hours. They concluded the P adsorption by media was in two stages. The initial 
stage was rapid adsorption at the media surface followed by a lower rate from 
precipitation. They concluded that it was this second adsorption mechanism that 
decided removal rate and total absorption capacity. Yang and Wang (2012) tested 
five media over 48h static/batch tests. The results showed BFS removed most P. 
They linked removal rate to the amount of Ca2+, Mg2+, Fe2+ and Al3+ in the slag, 
particular Ca2+. 
Desorption test 
In order to confirm the releasing P problem, all the raw media was placed in 
deionised water without adding P. The test method and procedure see chapter 3.4: 
sorption studies-desorption.  After 24 hours, all the media (except concrete) released 
a significant amounts of P (Zeolite the worst see Table 4.2.1).   
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Table 4.2.1: P release tests for four media, pH=7, contact time 24h, initial P concentration 0mg/l 
Media Zeolite Maifan  Brick Dolomite BFS Concrete 
Concentration(mg/L) 3.96 2.69 2.3 2.2 2.16 0.263 
Similar desorption tests have been carried out by other researchers on similar media. 
Teng et al (2015) for example compared the adsorption and desorption from Maifan 
stone and reported 3 times more was leached than adsorbed. Wan et al. (2015) 
conducted desorption tests on 19 filter media using CaCl2 solution, to increase the 
ionic strength of the elutriate.  The results included two sizes of slag and Maifan 
stone (2-4 and 1-2 mm). The slag desorbed 6.25% and 12.8%, respectively whilst the 
Maifan stone released 12.5 and 25.5%, from large to small size. Thus there was a 
direct relationship between size and desorption rate. He et al. (2008) also used CaCl2 
(0.02mol/L) to test desorption of P from zeolite. The test showed the desorption rate 
was 5%.  Mann (1997) on the other hand used KCl as an extractant to remove P from 
BFS, but found no release of P into solution. Wang et al. (2014) also used KCl 
solution as a solvent to remove P from saturated cement material over 24 hours, 
desorption was observed to be <4%. These results suggest that the role of calcium is 
more than ionic and includes re-precipitation, this idea was taken further by work on 
the influence of pH. These have included work on BFS which contains lime from the 
smelting process. Lu et al. (2008) for example reported and discussed P removal and 
desorption from BFS confirming the balance between adsorption and desorption was 
affected by pH. At pH 3, 40% of the P was released, compared to 10% at pH 7. 
Corroborative data was published by Ayoub and Kalinian (2006) who achieved 
complete desorption from dolomite by NaOH to give a strongly alkaline solution 
(10.5).  
It is possible based on this discussion to conclude that the balance between P 
adsorption and release depends on the chemical composition of the media, the 
calcium content of the solution, the pH and the surface area available for elutriation.  
4.2.2. Summary 
The tests demonstrated a strong influence of pH, irrespective of test duration, it was 
also a factor controlling desorption.  Initial P concentration was also important, the 
optimum starting P concentration for all the media was in range 10-15mg/l. The 
study indicated that P leaching from media rather than adsorption was likely to be a 
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problem in practice. At lower or higher concentration, the results were not as good at 
P removal. The lowest concentration 5mg/l, the most likely from modern wastewater 
treatment plants with biologically enhanced P removal, led to P release from the 
media particularly at lower pH. This may not be a major issue however in the rural 
areas of China where wastewater treatment is still developing.     
In terms of the media tested concrete had the greater ability to absorb and keep P. At 
the higher initial P concentration, concrete removed more than 50% of P under 
various pH condition. The present study showed that P concentration was increased 
by two of the media (maifan stone and blast furnace slag), which may add to 
concerns over P pollution. There was corroborating evidence of this because the 
leach solution from Maifan stone has been used as a fertiliser (Hui et al., 2003; Li et 
al., 2007; Zhao et al., 2013). BFS is the most common and recommended media in 
the UK (CIWEM 1988). The extent of P leaching was affected by many factors. 
Firstly, mineral composition, porosity or structure, the hydration energy of surface 
ions and their water solubility. In this study Maifan stone released the most P and 
consequently it was concluded that this was due to the loose structure and the large 
pore sizes in the stone. Ionic charge and atomic structure also affected the solubility 
and P release. Moreover, it has been confirmed that the smaller size of media 
provided a larger surface area to react with water and also that the smaller media 
reduces the pore lengths which allows water to access more surface inside of media. 
Smaller size media therefore, would allow more hydration and increased leaching. 
Temperature has been reported to affect these latter reactions by increasing solubility 
and ion transport rates by diffusion, although equilibrium concentrations would 
eventually be reached (Guo et al., 2004; Wang et al., 2010; Yao, 1991).   
The construction waste materials on the other hand, concrete removed and retained P 
in both of column and batch tests. These are easily available low cost materials and it 
was concluded would be suitable for tertiary wastewater treatment. Concrete was 
shown to remove P without leaching under all circumstances and consequently was 
selected for further study to understand more about P removal mechanisms.   
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5. Chapter Five: Concrete study 
In Chapter four the wastewater treatment performance of the common demolition 
residues as filters were reported. The differences in the results from the media were 
statistically insignificant but RCA was better for P removal. In this chapter the RCA 
concrete was further investigated to determine the extent and mechanisms of P 
removal. The work was divided into three sections; in the first part equilibrium 
adsorption studies were carried out to determine the maximum adsorption capacity 
and impact of temperature. Part two was an investigation of P speciation whereby the 
type of inorganic phosphorus specifically the changes as Al-P, Ca-P, Fe-P and O-P 
within the RCA were determined before and after adsorption trials. The final section 
was a repeat of the column wastewater treatment pilot trials, detailed in Chapter 4, 
using three different types of concrete, prepared with variable water to concrete ratio 
(W/C).  
5.1 Adsorption tests 
Three types of adsorption tests were used. These were saturation sorption, 
equilibrium, kinetic and thermal sorption studies. The operational variables were: 
pH, dose of sorbent and initial phosphorus concentration. The optimized results of 
these tests were analysed by various isotherm models to determine the maximum 
adsorption capacity and by measuring adsorption at different times and temperatures. 
It was possible to construct a kinetic model and determine the rate of adsorption of 
the RCA.  
5.1.1. Results of and discussion  
Effect of pH of solution on sorption 
The trend shown in Figure 5.1.1 indicates P sorption decreased as pH increased up to 
8 but then showed insignificant change with further rises in pH. The best adsorption 
was observed at pH 5.0, when the adsorption capacity for P was 0.85mg/g and P 
removal efficiency reached 93.5% . The lowest capacity was 0.68mg/g at pH 8.0. 
Agyeia et al. (2002) also pointed out that acidic pH was best for P removal because 
phosphate ions would be generated by acidic solutions, creating binding between the 
H+ and increasing the affinity for the negative ortho-phosphate PO4
3−.  
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Figure 5.1.1: Effect of pH of solution on sorption of P. Dose of media 2g; initial P concentration 20mg/l; 
contact time 24h; agitator 180-rpm. 
There are two possible mechanisms for the beneficial effect of acidic pH.  One was 
that the acidic H+ were attracted to the concrete surface by the Ca, Al and Mg 
hydroxides creating a secondary positive double layer effect attracting more negative 
ortho-phosphate. The second possibility was that the phosphate ions could be 
converted into their acidic forms (eg. H2PO4
−) binding to the positive ions at surface 
(detail see figure 4.2.5). The acidic pH could also help the cement release more Ca2+ 
ions to react with the hydrogen phosphate causing deprotonation and precipitation of 
Ca3(PO4)2. The slight increase in P removal beyond pH 9 could be due to the 
formation of OH- enriched complexes encouraging this calcium phosphate 
precipitation mechanism.  
Effect of dose of sorbent on phosphorus sorption 
In this experiment the pH was fixed at 5 and the effects of increased adsorbent 
capacity is shown in Figure 5.1.2, which shows increased amounts of sorbent 
resulted in higher adsorption of P from the solution as was expected. At the lower 
dose (1g), the total P removed was 55.5%. At 10g, the adsorption was 95.7%. The 
normalised adsorption capacity reduced with increasing sorbent to solute ratio from 
0.99 to 0.17mg/g (Figure 5.1.2).  2g of RCA showed the highest capacity. Similar 
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trends have been also reported by other authors (Burianek et al., 2014; Molle et al., 
2003). Increasing the dose of sorbent, increased the total removal of P by increasing 
the availability of sorption sites. Specific adsorption capacity is a measure of the 
amount of P bonded by a unit weight of sorbent. The competition by ions for the sites 
causes a decrease in the specific uptake once all the sites were filled and adsorption 
capacity decreased with increments in sorbent dose. The simpler models assume a 
fixed number of adsorption sites according to the molecular structure and number of 
positive ions responsible for the binding.  
 
Figure 5.1.2: Effect of dose of media on sorption of P. Initial P concentration 20mg/l; contact time 24h; 
agitator 180-rpm; pH-5; 
Effect of initial phosphorus concentration  
Figure 5.1.3 shows that the initial concentration of P in the solution influenced the 
equilibrium uptake of P achieve. This suggests the simple fixed number of adsorption 
sites model may not be suitable at higher P concentrations. As the initial 
concentration of P increased from 5 to 30mg/l, the adsorption capacity increased 
linearly. When initial concentration was 15mg/L, the highest proportion was 
removal. This is in line with the equilibrium adsorption capacity which suggests at 
higher solute concentrations will encourage greater boundary concentration. The 
increase in adsorption capacity of sorbent with the increase of P ion concentration is 
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due to the higher availability of P ions in the solution, leading to double layer 
adsorption and complex formation. This depends on the size of the positive ion in the 
media and access to the adsorption site. 
 
Figure 5.1.3: Effect of initial concentration of media on removal of P. contact time 24h; agitator 180-rpm; 
pH-5; 
Desorption of phosphorus 
Figure 5.1.4 shows the proportion of P re-released. The desorption was in range 4 to 
7% and lowest at the higher initial P concentrations with maximum desorption at the 
initial P=10mg/L. The adsorption and desorption capacities were not equal, 
corroborating a previous hypothesis that different mechanisms were involved at 
different P concentrations and that some were irreversible. It is suggested that at the 
lower concentrations adsorption was due to just physical adsorption which then 
enabled easier P release. Higher concentrations of P, on the other hand, could be 
sufficient to cause reaction with the metals such as complexation and precipitation, 
desorption would therefore be reduced (Zhang et al., 2005). A lower desorption, rate 
at smaller P concentrations, was also reported by Yu et al. (2009). They tested 
desorption from mortar(cement mix with sand) and found release was 9% but they 
deduced that the adsorption was mainly due to chemical reaction.   
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Figure 5.1.4: P desorption of concrete on different initial P concentration. Contact time 24h; agitator 180-
rpm; pH-5; 
Equilibrium study 
P adsorption was analysed using the Langmuir, Freundlich, Tempkin, Dubinin-
Radushkevich, Frumkin and BET isotherms equations. Using the linear regression 
coefficients, it was noted that the Langmuir isotherm model exhibited better fit than 
other models (presented in Table 5.1.1). The maximum of adsorption capacity from 
the Langmuir model was 6.88mg/g.  
Table 5.1.1: Adsorption Isotherm constants for P adsorption by concrete 
Langmuir Adsorption Isotherm  Freundlich Adsorption Isotherm  
qm (mg/g)  b(L/mg) RL R2 n Kf R2 
6.88 0.089 0.281 0.984 0.996 0.669 0.983 
Tempkin Adsorption Isotherm  Dubinin-Radushkevich Isotherm 
AT(L/mg) bt B R2 qs(mg/g) Kad(mol2/kJ2) E(kJ/mol) R2 
0.195 134.9 0.649 0.958 1.4 2 × 10−7 2.24 0.968 
Frumkin Adsorption Isotherm BET Adsorption Isotherm 
α Kfr R2 CBET qs R2 
2.959 0.00342 0.669 -0.798 0.553 0.898 
The range of energy of adsorption (E) was calculated using the D-R model and this is 
useful for the assessment of the adsorption mechanism. Typical results are between 
1-16 kJ/mol and physical sorption is assumed to have occurred when the E value is 
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lower than 8kJ/mol (Tosun, 2012). In this study, E was found to be 2.24 kJ/mol, 
which would be considered as physical adsorption (see Table 5.1.1).  
Table 5.1.2 has shown particle size would be expected to affect equilibrium 
adsorption capacity due to the greater surface area. It also presented that smaller filter 
particles (<1mm) in general produced greater adsorption capacity than larger sizes. The 
highest adsorption capacity was reported by Renman and Renman (2012), from 
aerated concrete but it was also reported to be fragile and have poor durability. The 
data was however inconsistent and thus suggests other factors are also involved. The 
results of the present work, support these previous conclusions concerning variability 
and suggest relatively large sizes of concrete could also work efficiently. This likely 
to be particularly important in wastewater applications where small media would be 
hard to handle and would easily clog, be washed away or suspended in solution. 
Concrete, would also be expensive to crush into small particles.  
Table 5.1.2: Adsorptive capacity of various studies by concrete 
Types Media Size (mm) Time Qmax(mg/g) Reference 
Empirical Cement 0.045-0.300 16h 19.90 (Agyeia et al., 2002) 
Empirical RCA 0.125-0.250 1h 0.134 (Burianek et al., 2014) 
Empirical RCA 0.125 40days 19.6 (Egemose et al., 2012) 
Theoretical Cement 0.425-0.85 24h 1.185 (Yu et al., 2009) 
Empirical Cement 0.85 28days 16.16 (Hu & Liu, 2014) 
Empirical RCA 0.063-2 1h 11.5 (Oguz et al., 2003) 
Theoretical RCA 0.3-2.3 24h 6.1 (Molle et al., 2003) 
Empirical RCA 2-4 24h 70.9 (Renman & Renman, 2012) 
Theoretical RCA 2-5 24h 6.88 Present study 
Theoretical Cement 3-5 32h 4.98 (Zheng et al., 2013) 
Kinetic study 
Figure 5.1.5 shows the adsorption rate and removal efficiency increased with time. 
Equilibrium adsorption was established after 12 hours and 93% of P was removed 
from solution. The further observation shows the adsorption curve was smooth and 
continuous, which indicates probability of the formation of monolayer coverage of P 
ions onto concrete. 99% of P was absorbed by RCA in 24 hours. The results 
indicated RCA has strong adsorption ability in low P concentration solution. These 
result are important because equilibrium time is likely crucial to the efficient removal 
of P at times and concentrations of P typical of heterogeneous wastewaters (P around 
10-15mg/L). 
 Chapter Five: Concrete study 
120 
 
 
Figure 5.1.5：Kinetic studies of P adsorption; Initial P concentration 15mg/l; agitator 180-rpm; pH-5; 
temperature=25C 
The calculated kinetic parameters and their correlation coefficients (R2) have been 
summarised in Table 5.1.3. The analysis shows the best fit model was the pseudo 
second-order where the R2 is close to 1, second best is by pseudo first order, third the 
Elovich equation and last was the Fractional power model. The experimental 
adsorption capacity value (0.75mg/g) was between the calculated pseudo first and 
second order adsorption capacity values.   
Table 5.1.3: Kinetic parameters for P adsorption on Concrete 
The pseudo-first-order The pseudo second-order 
k1 Qe R2 k2 Qe R2 
0.211 0.657 0.988 0.279 0.893 0.992 
Elovich model equation Fractional power model 
α β R2 a b R2 
0.476 5.061 0.960 0.184 0.5 0.899 
Effect of temperature on sorption  
Figure 5.1.6 show that the adsorption of P increased with the increase in temperature 
and indicated that the adsorption process was endothermic. It is suggested that the 
higher temperature resulted swelling of the RCA creating more space for adsorption. 
Also, higher temperature accelerated molecular diffusion and chemical reaction.  
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Figure 5.1.6: P sorption by concrete studies at various temperature; Dose of media 2g; initial P 
concentration 15mg/l; contact time 24h; agitator 180-rpm; pH 5 
Table 5.1.4 summarises the data coefficients and showed Pseudo-second order 
kinetics were the best fit model and adsorption capacity could reach 0.9mg/g. The 
experimental results indicated that concrete media absorbed most P from solution 
and if applied at high concentration of P, the calculated capacity could be much 
higher than current.   
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Table 5.1.4: Coefficients for kinetics isotherms 
Temperature(K) 298 313 328 
Qe, exp (mg/g) 0.749 0.749 0.749 
Pseudo- first order kinetics  
K1 0.211 0.368 0.343 
qe 0.657 0.919 0.199 
R2 0.988 0.995 0.785 
Pseudo-second order kinetics  
K2 0.279 0.431 1.42 
qe 0.893 0.854 0.785 
R2 0.992 0.993 0.998 
Elovich model equation 
α 0.476 0.653 2.733 
β 5.061 5.435 7.576 
R2 0.960 0.936 0.792 
Fractional power model 
a 0.184 0.229 0.381 
b 0.5 0.436 0.259 
R2 0.899 0.863 0.751 
For thermodynamic parameter, the b value was obtained from ln(
Qe
Ce
) vs. Qe by 
extrapolating Qe to zero and taking the intercept values is b (see Figure 5.1.7(a)). The 
values of ∆G°, ∆H° and ∆S° were calculated from the slope and intercept of the plot 
of ln K vs. (1/T) (see Figure 5.1.7(b)). All the thermodynamic parameters were 
summarised in Table 5.1.5.  
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Figure 5.1.7: (a) Plot of 𝐥𝐧(
𝑸𝒆
𝑪𝒆
) vs. Qe for estimation of thermodynamic parameters(𝐛); (b) Plot of 𝐥𝐧 𝐛 vs. 
1/T for estimation of thermodynamic parameters (∆𝐇° 𝐚𝐧𝐝 ∆𝐒°) 
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Table 5.1.5: Thermodynamic parameters for adsorption of P on concrete particle  
Thermodynamic 
parameters 
Temperature(K) 
298 313 328 
b 6.460 7.150 8.418 
∆G°(kJ/mol) -4.623 -5.119 -5.808 
∆H°(kJ/mol) 7.139 - - 
∆S°(J/mol) 39.336 - - 
In this study, the negative values of ∆G° at various temperatures imply that the 
adsorption of P on concrete is spontaneous. Increasing temperature decreases ∆G° 
which confirms the previous kinetic data that the process is accelerated by higher 
temperatures. Stronger forces of attraction are involved which increases the speed 
and amount of P adsorbed. The whole process is endothermic with a positive 
enthalpy  ∆H°. The value of ∆H° is less than 20 kJ/mol, corroborating the earlier 
equilibrium data , indicating that the adsorption process is physical rather than a 
chemical reaction (Kumar et al., 2010). The positive value of ∆S° suggests an 
increase in entropy or randomness at the solids/solution interface during the P ion 
adsorption process although positive ∆S° has also been attributed to the release of the 
water molecules from phosphate with adsorption at a surface (Kim, 2004; Wang et 
al., 2012).  
Other studies for P thermodynamic sorption were summarised in Table 5.1.6. The 
free energy range of RCA was similar to dolomite and activated carbon. Also, all 
natural materials reported to be spontaneous, endothermic and with increasing 
entropy. Compared thermodynamic parameters with other studies, the results of RCA 
closed to carbon, which may indicate it has desirable sorption properties.   
Table 5.1.6: Thermodynamic studies for P sorption by other materials  
Adsorbent  ∆𝐇°(𝐤𝐉/𝐦𝐨𝐥) ∆𝐒°(𝐉/𝐦𝐨𝐥) Reference 
Blast furnace slag -16.941 - (Liu et al., 2008) 
Clinoptilolite rich tuff 20.8 100 (Chmielewská et al., 2013) 
Coir-pith activated carbon 3.88 21.88 (Kumar et al., 2010) 
Dolomite -5.85 -10.17 (Yuan et al., 2015) 
Granulated ferric hydroxide 15.1 80 (Chmielewská et al., 2013) 
Iron hydroxide-eggshell 
waste 
81.84 - (Mezenner & Bensmaili, 
2009) 
Bentonite -5.3 10 (Chmielewská et al., 2013) 
RCA 7.139 39.336 Present study 
Slovakite 104.9 300 (Chmielewská et al., 2013) 
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5.1.2. Summary  
This study has tested normal RCA for P removal using a larger sized media more 
suitable for wastewater treatment (2-5mm) than previous studies (<1mm). The pH 5 
and initial 15mg/l of P solution are optimum condition for P removal which also 
close to raw sewage condition (P<15mg/l). Model analysis predicted that capacity 
could reach 6.88mg/g. The kinetics study showed the equilibrium time was 12 hours 
and 93% of P removal. The desorption tests determined that the concrete has a strong 
ability to keep the P and released less than 7%. The experiments using different 
temperature, thermodynamics indicated the adsorption process was spontaneous and 
would be favoured by higher temperatures. 
In this study, the P removal could through physical adsorption which is approved 
through Dubinin-Radushkevich Isotherm and thermodynamic study. The physical 
adsorption is easier for RCA regeneration and P recovery. However, other studies 
reported the RCA remove P mainly on chemical adsorption. Therefore, next part was 
focused on P removal mechanism study through a sequential extraction method.  
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5.2. Fractionation of inorganic phosphorus 
The P speciation was discussed in this section through chemical sequential 
extraction. The results deeply indicted the P removal mechanism and possible of P 
recovery. Details of metal bound P explanation see 2.3.7: Sequential extraction of 
inorganic phosphorus from media. 
5.2.1. Results and discussion  
The various P types are given as percentage of the total inorganic P present in Figure 
5.2.1. The fresh concrete media showed that O-P was the predominant form of P 
minerals (37%), while the content of Ca-P was 29%. Al-P, LBP and Mg-P varied 
22%, 8% and 1%, respectively, while no Fe-P was observed. The P fractionation 
experiment on used RCA showed that the highest proportion (43.3%) of retained P 
was LBP. O-P also remained high (25%) while Ca-P, Mg-P and Al-P bound fraction 
remained at 15%, 9% and 8 %, respectively. Therefore P-fractionation showed that 
recoverable LBP was the predominant forms of P with the methods used in this 
work, Fe-P could not be detected in either samples.  
 
Figure 5.2.1: The comparison of different type of P before and after test 
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It was concluded that the high percentage of LBP indicated that in this experimental 
setting, the P that was loaded mainly adsorbed on the concrete surface rather than 
absorbed into the particle. O-P was the second highest and around 25% became 
permanently fixed and resistant to re-release from the concrete. This was also 
evidence that residual P reacted with calcium and magnesium, which were released 
from cement, to form of insoluble precipitate. There are few studies of Mg-P due to 
its high water solubility. In this study, Mg-P was low in the raw concrete that 
because Mg-ion is more reactive than Ca, Fe and Al ion. Mg-P form rapidly, but it 
less crystalline and resilient. Remobilisation of Mg-P could be affected by a wide 
range of conditions (even at natural pH). Through slow crystallisation, P was 
transformed to more stable Ca-P form (Josan et al., 2005).   
O-P was the second highest indicating that between a third and a quarter of the P 
became fixed and resistant to re-release from the concrete. Thus it was concluded 
that most of the P could be re-released as the LBP form was mineral physical 
attraction, but at a longer process times, these surface bound P might gradually 
become more permanently bound through complexation and precipitation reactions 
(Frossard et al., 1995; Korkusuz et al., 2007). This was corroborated by Xu et al. 
(2003) who demonstrated an ageing behaviour whereby adsorption was followed by 
the formation of apatite complexes (see Table 5.2.1).  On the contrary, P precipitate 
could be recovered through equilibrium soluble P-concentration, pH change or redox 
potential (Grobbelaar, 1995; Hillbricht-Ilkowska et al., 1995). Also, the pervious 
desorption test was indicated the RCA was released P in lower P concentration 
solution, but that the reaction time was important if the P was to be successful as a 
fertiliser. 
Table 5.2.1: Formation of P precipitate (Mei et al., 2012; Xu et al., 2003) 
Sequence Chemical formula 
1 Mg2+ + HPO4
2− + 3H2O → MgHPO4 ∙ 3H2O ↓ 
2 Ca2+ + HCO3
− + OH− → CaCO3 ↓ +H2O 
3 5Ca2+ + 4OH− + 3HPO4
2− →  Ca5(0H)(PO4)3 ↓  +3H2O 
4 Al3+ + PO4
3− + 2H2O → AlPO4 ∙ 2H2O 
This study presented used RCA contained 44% soluble P which is the second high 
(Table 5.2.2). Also, the total amount of P of RCA was bitter high than other 
materials. Blast furnace slag contained most soluble P and Hylander (1999) 
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conducted a pot experiment and reported that it sorbed P acted as a fertiliser. In the 
soil condition, this type of P was most easily available by plants and could be 
recovered by plants. Other metal bound P could convert into soluble by soil 
microorganisms (e.g. Phosphate solubilising bacteria) (Chen et al., 2006).   
Table 5.2.2: P specification of various saturated material   
Media  Total 
(mg/g) 
LBP 
P(mg/g) 
Al-P 
(mg/g) 
Fe-P 
(mg/g) 
O-P 
(mg/g) 
Ca-P 
(mg/g) 
Reference 
Blast furnace 
granulated slag 
0.086 0.042 - 0.007 - 0.037 (Korkusuz 
et al., 2007) 49% - 8% - 43% 
Zeolite 0.448 0.024 0.352 0.041 0.016 0.0131 (Wang et 
al., 2013) 5.4% 78.6% 9.2% 3.6% 2.9% 
Volcanic rock 
0.516 
0.066 0.311 0.027 0.054 0.058 (Wang et 
al., 2013) 12.8% 60.3% 5.2% 10.5% 11.2% 
Crushed Bricks 0.956 0.068 0.498 0.277 0.024 0.089 (Wang et 
al., 2013) 7.1% 52.1% 29.0% 2.5% 9.3% 
RCA 1.298 0.577 0.110 0 0.297 0.193 Present 
study 44.42% 8.50% 0% 22.86% 14.86% 
Oyster shell 3.596 0.363 0.08 0.014 0.589 2.55 (Wang et 
al., 2013) 10.1% 2.2% 0.4% 16.4% 70.9% 
Light-weight 
expanded clay 
6.527 0.053 1.641 0.022 - 4.811 (Jenssena 
et al., 2010) 1% 25% <1% - 74% 
Gas 
desulfurization 
products 
8.607 2.544 1.452 0.008 0.9 3.703 (Penn et al., 
2011) 30% 17% 0% 10% 43% 
Bauxite residual 19.487 0.568 14.31 2.203 1.21 1.196 (Penn et al., 
2011) 3% 73% 11% 6% 6% 
Fly ash 28.074 9.131 16.631 0.147 1.316 0.849 (Penn et al., 
2011) 33% 59% 1% 5% 3% 
Drinking Water 
treatment 
residual 
30.031 0.367 20.726 4.66 1.755 2.523 (Penn et al., 
2011) 1% 69% 16% 6% 8% 
Electric arc 
fumace steel slag 
- - - - - - (Drizo et 
al., 2008) 0.63% 3.05% 13.67% - 82.65% 
Iron melter slag - - - - - - (Drizo et 
al., 2008) 2.41% 22.88% 12.69% - 62% 
Previous work indicates the form of P does vary according to the chemical 
compositions of the filter media. Oyster shell, for example, was more than 50% 
CaOwhich then formed the majority of the adsorbed P as Ca-P  (Zhong et al., 2012). 
Other media Zeolite was form by around 70% of SiO2. 10% of Al2O3, 2.5% of CaO 
and 1.5% of Fe2O3 (Erdem et al., 2004; Jiang et al., 2003; Petrus & Warchol, 2005). 
Due to Si element is inactivity, the most of P bound with active element from strong 
to weak. For other materials such as Fly ash and Bauxite residual, the total P amount 
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was high than RCA, but the size and soluble percentage much smaller, which is not 
convenient to use as filter.  
5.2.2. Summary  
The results confirmed that the dominant P form in RCA adsorption was LBP (44%) 
followed by O-P, Ca-P, Mg-P and Al-P, in sequence. The P was mainly adsorbed 
onto the surface of the RCA by physical adsorption. This corroborated the previous 
isotherm experiments and mathematical study. The LBP would be available for plant 
uptake; and it was concluded recycled concrete could be a suitable as a P filter and is 
worthy of further research. Further research would be particularly useful for high 
cement containing concrete which is currently not suitable for recycling as aggregate 
due to its lower density and high water adsorption, these characteristics reduce 
structural performance. 
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5.3. Column tests 
In this section the adsorption characteristics of concretes with different types of 
cement were compared with each other. It is expected that the Ca2+ ion and element 
in the cement of the concretes is mainly responsible for the P adsorption, it may also 
act indirectly via  release from the cement during  hydration. It was suggested that 
the higher cement ratio concrete could produce better P removal results.  
Normally, concrete classified by water-cement ratio (W/C), the W/C ratio is the ratio 
of the weights of water to cement used in a concrete mix. This is an important factor 
affecting the quality of concrete. The lower the W/C ratio the higher the strength and 
durability of the concrete but the more difficult to recycle because the greater the 
residual cement mortar, the  lower the strength of any new concrete produced from 
it(typically around 10%) (Sagoe-Crentsil & Taylor, 2001). The strength of the 
concrete is affected by the excess water as it is squeezed out of the paste by the 
weight of the aggregate and the cement paste itself. If there is a large excess of water, 
then water bleeds out onto the surface. The micro channels and passages that were 
created by the up-flow of water inside the concrete cause micro cracks which become 
weak zones. Reducing the amount of attached mortar by additional crushing 
processes can improve aggregate quality, but the costs are increased and the 
aggregate further weakened by more micro cracks created during the crushing 
process.  In this research where P removal is the aim then a high cement concrete 
could contribute both to more calcium and to a rougher and cement mortar covered 
surface. Therefore, the rate and amount of P adsorbed by the RCA should be greater 
(Deng et al., 2006; Juan & Gutiérrez, 2009). To test this hypothesis experiments were 
set up using columns with RCA of three different W/C ratios and comparative P 
removal measured over 4 months.  
5.3.1. Results and discussion  
P removal  
Figure 5.3.1 shows the P removal by the three columns containing the different types 
of concrete. Influent P varied between 7 to 23 mg/L. The best P removal was 
achieved by the 0.7 W/C column which was around 80% and less than the 1mg/l. 
This performance was also an improvement compared to the previous study (section: 
4.1.2) but which was at a higher hydraulic loading (intermediate loading range).  
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Figure 5.3.1: P removal by three type of concrete particle under low hydraulic load 
Figure 5.3.1, supports the idea that the RCA with the highest water to cement ratio of 
0.7 removed the most P. It was concluded this was due to physical properties (e.g. 
pore size and distribution, permeability, porosity) which were more important 
therefore than the chemical composition or calcium content. The escaping water 
creates a setting paste that is more susceptible to shrinkage and cracking. This 
shrinkage leads to micro-cracks which increases both the porosity and permeability 
(Mindess et al., 2003). The coefficient of permeability has been found 
experimentally to decrease with an increase in the degree of hydration (curing time) 
(Banthia & Mindess, 1989). 
Figure 5.3.2 indicates an exponential relationship between permeability and W/C 
ratio for both cement and concrete. Normally, the permeability coefficient of 
concrete are 100 times great than cement, while 3 times for mortars (Young, 1988). 
The figure showed the higher W/C ratio produced higher permeability, particularly 
ratio higher than 0.6. This was also confirmed by several studies. Lafhaj et al. (2006) 
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found that permeability increased by 40% as the W/C ratios were raised from 0.3 to 
0.6. Similar affects on concrete porosity have been reported by Goto and Roy (1981) 
and Sanjuan and Muñoz-Martialay (1996). Also, the W/C ratio effect continuity of 
pore. Powers et al.(1959) and Banthia and Mindess (1989) found the higher ratio 
concrete require longer curing time to achieve discontinuous capillary pore.  
 
Figure 5.3.2: Influence of W/C ratio on the permeability of concrete and cement paste (Bureau of 
Reclamation, 1975; Powers et al., 1955) 
The permeability and porosity of concrete can also be measured by pore and particle 
size distribution (Manmohan & Mehta, 1981). A number of research papers have 
been published on the effect of W/C ratio. Zhu et al. (2004) found that a higher W/C 
ratio gave rise to larger pores between 25-50 nm in cement paste. Gao et al. (2005) 
also reported a wider pore size distribution and porosity with higher W/C ratio. Liu et 
al. (2009) noted pore sizes up to 250nm in W/C 0.67 concrete with a porosity twice 
that at 0.48. Zhou et al. (2010) carried out similar experiments by casting concrete 
cubes with various W/C to study the effect on pore structure and permeability. The 
results showed a similar average pore diameter at 0.66 W/C ratio to Liu et al (2009) 
and pores were up to 250nm with 60% larger than 100nm. Pore sizes for lower W/C 
ratios (0.32) were 0.018 µm with less than 10% of the pores greater than 0.1µm. Pore 
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size distribution in mortars with W/C ratios between 0.3 and 0.6 have also been 
measured by Yang et al. (2006) who found 60-70%, between 0.003-0.1µm, 17-32% 
between 0.1-0.2 µm and 10-20% greater 0.2 µm. He also found that a W/C ratio of 
less than 0.45, gave pore diameters of between 3 and 100nm and when the ratio 
was > 0.5, the pore diameter reached 200nm. Yang et al. (2006) also noted that 
because the number of 100-200nm pores increased then so did the overall porosity as 
the W/C rose from 0.45 and 0.65 in the mortars. Winslow and Liu (1990) studied the 
pore size distribution in plain cement, mortar and concrete by using mercury 
intrusion porosimetry, their results indicated the concrete contained largest pores 
followed by mortar and plain cement paste the smallest. The greater porosity of the 
concrete and mortar was caused by the entrained  air.  
A comparison of pore size and descriptors of aggregate and cement mixtures taken 
from Moon et al. (2006) is summarised in Figure 5.3.3. The data indicates the pore 
size distribution of the cement matrices is wider than aggregate. This is due to natural 
weathering and erosion generating materials which closely pack without air or water. 
A cement matrix is a mixed, synthetic material in which air and water become 
entrained. Wu (1999) defined the pore size of concrete into four classes : Macro 
(>1µm), capillary (0.1-1 µm), micro-capillary (0.01-0.1 µm) and gel(<0.01 µm). 
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Figure 5.3.3: Pore size classification of concrete (Moon et al., 2006)  
The greater porosity of drying cement is therefore the major contribution to the 
porosity of concrete. Figure 5.3.4 shows three types of pore distribution in different 
cement mixtures reported by Mindess et al (2003). The amount of smaller or gel 
pores gradually increases to occupy more than 90% at W/C ratio less than 0.42, 
above this the gel pores are reduced and replaced by larger capillary pores. At a W/C 
ratio of 1, the gel and capillary pores are half the total of each. The volume of 
capillary pores have been measured by Liu et al. ( 2009), in various W/C ratio 
concrete castings. The results showed capillary pores occupied more than 80% in 
from ratio 0.30 to 0.65.  
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Figure 5.3.4: Pore size fractional volume distribution in cement paste (modified from Mindess et al., 2003)   
Figure 5.3.3 showed the capillary pore size(0.003-10µm) are larger than gel 
pores(<0.003 µm). Mindess et al. (2003) and  Song and Kwon (2007) were therefore 
able to suggest that capillary pore distribution, due their larger size governed 
permeability. Manmohan and Mehta (1981) confirmed that when the pore size was 
less than 0.1 µm, the permeability coefficients were low. Kurdowski (2014) reviewed 
some studies and concluded that pore size of 0.132µm was a control value and pore 
less than this would not increase the permeability. Ye (2005) also determined the 
capillary porosity and related it to penetrability. The results showed that if the 
capillary porosity was below 20%, the pores were disconnected and there was a low 
permeability rate. Thus it may be concluded that it is the proportion of capillary 
pores that govern porosity,permeability and the specific surface available to adsorb 
P. In construction a lower concrete permeability, the better the strength, the greater 
the resistance to chemical attack and the durability. The opposite could be true in 
wastewater treatment the greater the permeability the better the water/solids entry to 
improve pollutants degradation by retention. In wastewater treatment therefore the 
more permeability and porosity has benefits. 
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Role of Calcium and pH variation  
Figure 5.3.5 shows the pH changes during the test and as was anticipated, from a 
lime containing material, the pH of effluent was higher than the influent. The 
increase in pH of the effluent is caused by dissolving calcium hydroxide from the 
concrete matrix which then reacts with carbon dioxide to form a calcium carbonate 
and bicarbonate precipitates (stalactites Ca(HCO3)2). The increase in pH between 
declined with time suggesting the flushing of labile calcium particularly from the 
W/C 0.7 column. 
 
Figure 5.3.5: pH variation during test 
Figure 5.3.1 and Figure 5.3.5 showed that the W/C ratio of 0.7 also initially produced 
(pH 8.8) the best P removals compared to other ratios. It was suggested the amount 
of Ca2+ leached from the concrete would be related to the cement content, porosity 
and pore size. From the results of this research, it was concluded that porosity and 
pore size was more important than the cement content. The previous section has 
showed W/C 0.7 ratio concrete contained more larger size of pore(e.g. capillary pore) 
than W/C 0.46. Yang (2006) stated the capillary porosity and connectivity of these 
capillary pores are the most important characteristics of pore system related to the 
ion diffusivity of concrete.  
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Calcium leaching has been studied by many of researchers. The leaching process 
from concrete normally divided into two types: (1) physical erosion and (2) 
diffusion. The primary hydrates phases in concrete composed by calcium silicate 
hydrated (C-S-H) gel and portlandite (calcium hydroxide) which are soluble in water. 
The further research was done by Haga et al. (2005) and Daimon et al. (1999). They 
tested and investigated the leaching process from mortar,  according to their results, 
the pores with a size of less than 0.05µm generated a C-S-H gel, while pores >0.2 
µm were regarded as releasing calcium hydroxide. Due to the compact structure, the 
Ca2+ ion is very hard to leach from C-S-H and Haga et al., (2005) concluded that the 
calcium was mainly released from portlandite, but following this initial leaching 
from portlandite, C-S-H was freed after this decalcification process (Hagaa et al., 
2005). Choi and Yang (2013) quantified Ca2+ leaching from different W/C ratios 
concrete. The results showed that the high cement concrete was better at retaining 
Ca2+ and observed that the most serious leaching occurred at the interfacial transition 
zone between cement and aggregate. This was due to the higher concentrations of 
calcium hydroxide and ettringite at this location.  
Previous research has also used the chloride ion as an indicator of solubility. Yang & 
Chiang (2005) tested chloride release from various W/C ratio concrete according to 
the pore size distribution. Their results indicated that as the porosity increased with 
W/C ratio and more water penetrated so releasing the most chlooride ion. These 
conclusions were supported by Moon et al. (2006) who also found capillary pores 
significantly increased chloride diffusivity, and by Liu et al. (2009), who were able 
to directly relate chloride diffusion coefficient to pore size and porosity. Thus it may 
be concluded that the amount of calcium released is related to W/C ratio, pore 
distribution and porosity.  
P fractionation 
The PSD-based P fractionation obtained for the influent and effluent from the three 
different columns is plotted in Figure 5.3.6, which provides an indication that the 
different size categories of P were both physically filtered by all the columns and 
chemically adsorbed according to the W/C ratio of the media.  
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Figure 5.3.6: P size distribution in influent and effluent  
Table 5.3.1 showed the profile of the P in the synthetic influent was 5% settleable, 
24% supra-colloidal, 5% colloidal and 65% soluble which was in agreement with 
values for real sewage, summarised by Nieuwenhuijzen et al. (2004).They collected 
and tested settled sewage from thirteen domestic treatment plants in the Netherlands. 
The data published by Levine et al. (1985) was from unsettled sewage and this 
explains the different profile. It is also likely that the soluble feed P of this study was 
exaggerated by the preparation with a chemical powder which is more easily 
dissolved than P in complex municipal wastewater.  
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Table 5.3.1: P size distribution in influent and effluent 
Sample P percentage in size range (%) Concen. 
(mg/l) 
Remark reference 
Soluble Colloidal Supra-colloidal Settleable 
RW 
 
25.4 2.7 33.2 38.6 5.89  (Levine et al., 
1985) 
64 3 3 30 5.8 SW (Nieuwenhuijz
en et al., 2004) 
51.5 48.5 7  (Wang et al., 
2004) 
65 5.1 24.4 4.9 13.7 SS This study 
EFF. 
 
70 12.6 11 2.1 1.85 TF (Levine et al., 
1985) 
50 14.6 10 17.9 1.12 SE (Levine et al., 
1985) 
84 16 0.63 SE (Li et al., 
2016) 
91.6 3.8 3.4 1.1  0.46 This study 
80 9.6 6.9 2.5  0.7 This study 
86 12 1 2 2.57 RC This study 
Note: EFF: Effluent; RW: Raw wastewater; SE: Secondary effluent; SS: Synthetic sewage; SW: 
Settled wastewater  
Levine et al. (1985) used a tower, high rate TF, to treat domestic sewage and this 
would explain why their results produced more supra-colloidal and colloidal fraction 
than the current research which utilised a low rate of trickling filter and 
Nieuwenhuijzen et al. (2004), who studied extended activated sludge. The higher 
filtration rates used in the Levine et al., study may also have caused more biofilm to 
wash away and increase the colloidal P content. It may be concluded, that the larger 
P fractions of the influent are successfully trapped by the filtration or flocculation 
process leaving the smaller fractions to be adsorbed.  
The smaller pore size and better physical capture of particulate P for the 0.46 W/C 
concrete (see Figure 5.3.4). This may also explain the further shift to soluble P in this 
column shown in Figure 5.3.6. (92% of the total effluent P is soluble from the 0.46 
column and 80% from the 0.7). There may also be bio-transformation of these 
influent P fractions in the colloidal range to more soluble fractions as a result of 
release and re-release. The larger P fraction degrades by in the biofilm and reacts 
with calcium.    
TOC fractionation 
Figure 5.3.7, compares the changes in size distribution of the organic matter from the 
influent to the control and two W/C ratios columns. For the influent around 36% was 
soluble this virtually doubled after treatment as would be anticipated following 
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biological filtration. W/C ratio 0.46 RCA and RC achieved the most TOC removal 
with the greatest proportion remaining as soluble due to their smaller pore sizes. 
Most of the feed TOC was suspended (1-63µm in size) at 47% with the remaining 
17% settleable (above 63µm), after treatment, all the larger fractions were reduced 
and the soluble fraction was dominant for all filters.  
 
Figure 5.3.7: TOC size distribution in influent and effluent 
Table 5.3.2 shows previous research on the size distribution of organic matter 
following biological filtration. Both Rickert and Hunter (1971) and the Wang et al. 
(2009) study, carried out on real sewage found that suspended TOC was the 
dominant size fraction in the influent as was the case in this study. Suspended and 
settleable particles were more than 50% of the total TOC and removed by the 
filtration and flocculation.  
The effluent quality TOC of this study were similar to most previous work following 
biological treatment. Wang et al. (2009) investigated A2/O, a form of activated 
sludge, for domestic wastewater treatment. Other work includes Pagilla et al. (2008) 
who also studied size distribution of TOC in secondary efflents, they found 65-87% 
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of effluent TOC filtered through 1.2 µm filter paper. This range was similar to the 
data reported by Levine et al. (1985) who found 63-70% of the biologically treated 
effluent TOC were particles in the size range (0.1-1.2 µm). In this study, the treated 
soluble fraction was also between 60 and 92%.   
Table 5.3.2: TOC size distribution in influent and effluent 
Sample Contaminates percentage in size range 
(%) 
Concen. 
(mg/l) 
Remark Reference 
Soluble Suspended Settleable 
RW 
 
42 31 27 109 SW (Rickert & Hunter, 
1971) 
8 60 32 97 SW (Huang et al., 2010) 
36 47 17 45.8 SS This study 
EFF 69 31 0 24 SE (Rickert & Hunter, 
1971) 
82 4 14 11 SE (Wang et al., 2009) 
89 6 5 15.8 0.46 This study 
63 21 16 14.9 0.7 This study 
92 5 3 13.8 RC This study 
Note: EFF: Effluent; RW: Raw wastewater; SE: Secondary effluent; SS: Synthetic sewage; SW: 
Settled wastewater  
Surface Metrology by IFM 
This section introduces previous work on the characterisation of media surface and 
how quantification was linked to the performance of fixed biomass reactors. The 
methodology used for IFM analysis was presented separately in Section 3.5. The 
samples were selected from column study before and after test.  
IFM images before the P absorption tests are shown in Figure 5.3.8 with quantified 
surface topography data reported in Tables Table 5.3.3 and 5.3.4. The data suggests 
the W/C ratio 0.46 concrete presented a smoother surface than the 0.76 and control 
concrete. The results corroborate the previous Section 5.3.1: P removal and it was 
concluded that the flatter surface was caused by lower porosity and smaller pore 
sizes.  
 
 Chapter Five: Concrete study 
142 
 
a. 
b. 
c. 
Figure 5.3.8: (a) W/C 0.4; (b) RCA; (c) W/C 0.7  
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Sa and Sq have been used previously for analysing surfaces, large differences in 
surface roughness were anticipated and found, thus in this study Sq was chosen as 
the most robust to summarise the comparison of the recycled concretes. The 
roughness of the concrete media expressed as Sq and were listed in Table 5.3.3 and 
5.3.4. The results show greater variance in the longer dimension and the shorter 
length was selected for further statistical analysis.  
Table 5.3.3: Roughness of media surface by long cross section before P absorption testing 
Material  Min(µm) Max(µm) Mean(µm) Std. Dev. 
W/C 0.7 18 61 28.9 12.0 
RC 17 69 27.7 15.1 
W/C 0.46 14 59 22 13.4 
Table 5.3.4: Roughness of media surface by short cross section before P absorption testing 
Material  Min(µm) Max(µm) Mean(µm) Std. Dev. 
W/C 0.7 1.24 4.8 2.33 1.086 
RC 1.44 3.29 2.13 0.6766 
W/C 0.46 1.27 3.19 2.06 0.596 
The T-Test was chosen to further evaluate these differences between the media. The 
results are shown in Table 5.3.6 which indicated no significant differences between 
the types of concrete using the normal P levels (P>0.05 no significant difference; 
P<0.05 significantly different). The T statistical test failed to confirm the differences 
in surface roughness noted from the other analyses. By using larger of magnification 
to select a typical area are recommended to improve the reliability of the results. 
Table 5.3.5: T-Test results of short section  
 RCA W/C 0.46 W/C 0.7 
RCA - 0.812 0.622 
W/C 0.46 - - 0.500 
W/C 0.7  - - - 
Table 5.3.6 presents the roughness of media after the P absorption tests, compared to 
the data in Table 5.3.4, the roughness of the media was reduced. This could due to 
hydraulic erosion, solids accumulation or coating with precipitate. The W/C 0.7 and 
RC showed greater reductions in roughness. This could cause by calcium leaching 
which was detail reported in 5.3.1(role of calcium and pH variation). Serious 
leaching was also observed in W/C 0.7 column this corroborating with this study. 
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High W/C ratio resulted higher leaching ratio, due to larger values of porosity, pore 
size and permeability ratio. Therefore, the results confirmed the high w/c ratio RC 
have more advantage to removal P. 
Table 5.3.6: Roughness of media surface by short cross section after P absorption testing 
Material  Min(µm) Max(µm) Mean(µm) Std. Dev. 
W/C 0.7 1.42 2.9 1.911 0.498 
RCA 1.38 2.22 1.66 0.347 
W/C 0.46 1.4 3.88 2.475 0.894 
The results from the IFM do corroborate the previous work that has used SEM and 
EDS techniques which suggest that filter media become coated by a combination of 
debris, chemical precipitate and biofilm in less than an hour when exposed to 
wastewater (Kaasika et al., 2008). However, the SEM lack of reproducible 
quantitative data. That led to conclusion that the new IFM technique could provide 
better quality data. It has been possible from this study to quantify these changes for 
the media. 
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5.3.2. Summary  
This pilot test presents the W/C ratio of RCA and pH significantly affects 
performance, but it is opposite to assumption. The higher W/C ratio (0.7) RCA was 
removed more pollutant than lower W/C ratio (0.46). This is due to higher W/C ratio 
RCA contained more capiliary pore and better porosity. The porous RCA encourage 
more pollutants permeate and retain inside the media. Moreover, higher ratio RCA 
produced up to 9 pH of effluent and this also related to pore szie. The large size more 
easily to release lime and react with P. In this study, results indicated a postive 
relation with P removal. The increase pH with P remvoal. 
In the pollutants fractionation study, the P and TOC size distribution were shift from 
settable to soluble by comparing effluents and influent. The lower W/C ratio RCA 
produced more soluble size than high (0.7). This could cause by pore size of RCA. 
By check Figure 5.3.4, the W/C ratio 0.46 contained nearly 5% of capillaries pore 
and 90% of gel pore, and 0.7 group contained 25% of capillaries pore and 70% of gel 
pore.  
Many studies used ammonium nitrate (NH4NO3) to accelerate lime leaching process. 
This agent may use to improve P removal. Also, Choi and Yang (2013) found the 
majority of pore size range of RCA increased from 0.03-0.1µm to 0.2-0.5µm after 
calcium leach. This could verify that RCA could be re-used for several times until 
the pore filled with solids. As a conclusion, the high w/c ratio produced better 
pollutants removal due to capiliary pore, but produced less souble pollutants size 
than lower ratio. 
There are no previous reports in the literature of using IFM to investigate changes in 
the surface properties of water filter media during use and the results suggest that the 
microscope is a promising new technology that can contribute to further a greater 
understanding of the role of changes in filter media surface to performance. 
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6. Chapter Six: Final Discussion, Conclusions and Recommendations 
6.1 Final Discussion 
a. Objective one 
The objective one is to screen the potential media application in rural treatment. By 
review the literature, a list of media were recommended due to availability and 
properties (see chapter 2.6). Zeolite, Maifan, RCA, brick, BFS and dolomite were 
tested under pilot and static conditions. The pilot tests were operated for 2 months 
following acclimatisation (6 months). They also included a commercial plastic media 
(Kaldnes) and the results were described in Chapter 4. The results were as predicted 
from the literature (Chernicharo & Nascimento, 2001; Dahling et al., 1989; Duddles 
et al., 1974; Harrison et al., 1984). It was concluded that the performances of these 
novel media were as with traditional media controlled by specific surface areas and 
loading rates. The standard pollutants were efficiently removed by those media (e.g. 
COD around 40%, TOC around 20%, TSS around 60% and Turbidity 60%). 
However, none of the media were able to consistently remove the nutrients. The 
concrete media initially removed P but this was lost as the quantity of biofilm 
increased, the other natural media, in some cases released P, a result not previously 
reported. It was concluded some of the cyclical increases in P in the treated effluent 
was due to sloughing biofilm.  
The batch tests investigated the P removal process. The mineral media were tested: 
RC, MFS, zeolite, dolomite and brick. The tests included the effects of residence 
time (3 and 24hours), pH (6-8) and different initial concentrations. The results 
showed all the media except concrete released P at typical effluent concentrations 
(10-15mg/L). The results of these batch tests corroborated the P leaching found in 
the pilot test. The results indicated that P was released from both the media and 
mature biofilm. It was concluded from these tests therefore that concrete would be 
the most desirable filter material for Chinese rural locations. It was also confirmed 
and explained by Berg et al. (2005a; 2005b) and Chen & Liu (2003). In the 
adsorption tests, concrete removed the most P without re-release and concrete would 
also be the most easily available material everywhere in China.  
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The problems were observed in the tests. Firstly, the pump produced hot influent 
than normal. The warmer temperature caused high solubilises, accelerated fly growth 
and odour. Secondly, the greater variations of data were determined. The wider 
fluctuation may cause by solid accumulation in the tank, pipe, external temperature 
change. These uncertainly operational issues may simulate real case. In some 
circulation, it provides extreme condition to deeply examine the filer media. 
b. Objective two 
Due to the promising results for RCA materials, objective two is to investigate the 
mechanisms of P removal, to seek further improvements in performance. Compared 
with previous studies(<1mm), this research showed that larger sizes of RCA(2-
5mm), which would be more suitable for treated wastewaters, were also effective at 
removing P (Agyeia et al., 2002; Burianek et al., 2014; Egemose et al., 2012; Hu & 
Liu, 2014; Yu et al., 2009). Tests showed RCA were able to remove 90% P at 15mg/l 
when at pH 5 which suggested a predominantly ion adsorption mechanism. This was 
further corroborated by the modelling studies. A good fit to the Langmuir adsorption 
equation was found with 6.88mg/g adsorption capacity. Moreover, thermodynamic 
models also suggested a low energy, physical binding and that adsorption was 
spontaneous. The kinetic studies confirmed adsorption was accelerated by warmer 
temperatures and that 12 hours were needed for the RCA-P adsorption to reach 
equilibrium.  
The sequential extraction tests, before and after RCA adsorption, showed about 50% 
of the P was labile which was interpreted as corroboration that the majority of P was 
loosely attached to the surface of the media. This was suggested earlier by the 
isotherm and thermodynamic models. Compared with other adsorption studies, the 
amount and proportion of labile P on RCA was higher than the other media reported 
(see Table 5.2.2). In one case study by Hylander (1999), P saturated BFS was re-used 
as a fertiliser additive which led to the recommendation that RCA following use as a 
wastewater filter could also be used as fertiliser.  
The limitations of the research are related to RCA. The adsorption test was tested 
residual P concentration to determine the capacity. However, each RCA presented 
different characteristic (e.g. surface areas, chemical composition, strength and 
porosity). Therefore, some of results showed wide standard deviation.   
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c. Objective three 
The mechanism of P removal by RCA was revealed in previous section. The 
objective three is to determine the W/C ratio of RCA related to P removal. The  
results from different W/C ratio concretes demonstrated that P removal was better 
from the higher water ratio cement, it was concluded that this was due to the increase 
in surface area and transport into a larger number and broader range of capillary pore 
diameter (Bureau of Reclamation, 1975; Powers et al., 1955). It was also found that 
these more permeable RCA encouraged the leaching of lime and this release of 
calcium, which further improved P removal. The 0.7 water ratio RCA however 
produced an effluent pH of up to 9.  
Particle size distributions were studied between the influent and effluent pilot studies 
and the residual P and TOC were mainly soluble after treatment by RCA, particularly 
the effluent from the lower W/C ratio concrete (see Table 5.3.1 and Table 5.3.2). The 
greater W/C ratio RCA, with the consequent increase in permeability and range of 
pore sizes also showed a greater increase in the extent particulate removal. In this 
study, IFM were used to demonstrate that the high W/C ratio RCA has rougher 
surface than lower. After test, the roughness of high ratio RCA was reduced due to 
higher calcium leaching ratio and hydraulic impact.  
One of limitation of this study was to wet the media. The influent sprayed on the top 
of filter media and some of section wasn’t well wetting. The issue could be partial 
solved by rotating and sharking the test column, but the column not performed the 
maximum removal ability. 
6.2 Conclusion 
It was concluded that China needed robust and low energy alternative wastewater 
treatment for rural areas. This thesis has established that these could be met by 
traditional trickling filters but for their lack of consistency and inability to remove 
nutrients P. The thesis therefore investigated alternative media capable of adsorbing 
P in less developed areas. Based on these findings, a treatment process was designed 
for treating rural wastewater and showed below:  
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Figure 6.2.1: Rural wastewater treatment process 
The common construction wastes RCA and Brick were researched for their ability to 
remove P from laboratory experiments under intermediate rate. They were compared 
with the BFS, the recommended UK media, and Kaldnes a commercial plastic media. 
Following biofilm maturation, none were effective at removing P, but they still 
reliable to treat rural sewage. Removals of organic carbon, solids and ammonia were 
in accordance with previous work, that is dependent on loads and specific surface 
area.The adsorption tested several media and presented that none was as effective as 
RCA and all re-released P to an extent. RCA was able to remove about 7mg/g under 
optimal conditions. Compared with various studies, current study indicates the large 
size also reliable for P removal (3-5mm). Research on the basic mechanisms of P 
removal was carried on. Through the equilibrium study, the D-R model discovered 
the RCA removal process is physical adsorption. It was also confirmed by sequential 
extraction test. Surface attached P was the predominate type of P in the test. The 
kinetic and thermodynamic studies showed the RCA removal is endothermic and 
adsorption speed increased with temperature. The study also present low and high 
W/C ratio RCA are remove P, particular the W/C ratio of 0.7. This is due to high 
porosity and intensive capillary pore. Fractionation study was also carried by 
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comparing pollutants size distribution of influent and effluent. Due to gel pore, the 
lower W/C ratio RCA produced more soluble size than other.    
From the research on the importance of the surface characteristics by using IFM, 
together with the predominantly particulate removals by the media, it was concluded 
that specific surface area and transport of particles to that surface were more 
important for P removal than actual surface charge.  
6.3 Recommendations for future work 
It is recommended that the international standards for wastewater treatment in rural 
China be modified to suit the local economy. The focus of guidelines should be to 
improve the sustainability of irrigation and fertilizers. In principle these standards 
could be based around population, environmental capacity and development 
requirements. 
The thesis has found that RCA was the best sustainable filter media available locally 
which could remove P but it was none specific. Further research on using RCA in the 
tertiary stage of wastewater treatment is recommended to reduce the general load of 
competitive pollutants on the P removing capacity. 
Longer term pilot trials are also recommended with experiments on controlled 
flushing to dislodge the P. There was previous work using alternative minerals as soil 
additives and it is suggested that the P saturated, used RCA, could tested in this 
capacity. This should include work on: 
 Exploring the impact on plant growth, extent of P uptake and location in 
different types of plant. This could be done by pot experiments.  
 The new IFM microscopy was able to quantify surface roughness by selecting 
typical media surface. It is also recommended that IFM be tested on other 
types of water filter, before and during use, for example submerged media 
and membranes. 
 Further research to quantitatively determine the amount of P attached, as a 
function of specific surface area, is suggested. This could offer the 
opportunity to improve specific absorption by using surface coatings and 
additions.   
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 Research on a wider range of concrete pore sizes is also suggested to improve 
P absorption these could include mixtures, incorporating slag and ash as well 
as the different water ratios established by this thesis.  
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1. China Water Pollution 
The Chinese surface water quality was classified by national quality standards 
(GB3838-2002), which was first published in 1983 and the most recent version was 
the third edition. It classified water by five quality grades and six parameters range 
(Table 1). Based on the quality standards, areas were designated into water 
environmental funcational zones depended on water resource use purpose, 
envrionmental capacity, economic development level and pollutants discharged 
amount. The zones included  nature reserve areas, drinking water source, fishery, 
industrial and agriculture. For example, the water source for a drinking water zone 
should meet a minimum with Grade III to aviod heath and safety problems.  
Table 1: Main parameters of surface water quality classification in China (GB383838-2002) 
Parameters 
(mg/L) 
Grade I1 
(Unpolluted) 
Grade 
II2 
(Fair) 
Grade III3 
(Slightly 
polluted) 
Grade IV4 
(Medium 
polluted) 
Grade V5 
(Serious 
polluted)  
COD 15 15 20 30 40 
BOD5 3 3 4 6 10 
NH3-N 0.15 0.5 1 1.5 2 
TP 0.02 0.1 0.2 0.3 0.4 
TN 0.2 0.5 1.0 1.5 2.0 
faecal coliforms 
(number/L) 
200 2,000 10,000 20,000 40,000 
Note: 
 1: Apply for drinking water sources and national nature reserve areas  
2: Apply for drinking water source, endangered fish reserves and fish and shrimp breeding areas 
3: Apply for drinking water source, general fish reserves and swimming areas 
4：Apply for general industrial purposes and recreational uses that do not involve direct human 
contact with the water 
5：Apply for agricultural uses and general scenic purposes 
The Ministry of Environmental Protection (MEP) publishes a report called ‘Report 
on the State of Environment in China’ each year and has been done since 1989. This 
report covers all the environment issue of China such as water, air and soil. In 2015, 
the report mentioned most of river was lightly polluted, but some were seriously 
polluted, particularly the water quality of rural branch streams which was worse.The 
report  indicated that 2.8% of surface water met Grade I, Grade II 31.4%, Grade III 
30.3%, Grade IV 21.1%, Grade V 5.6% and Inferior to Grade V 8.8%. Compared to 
previous years, water quality was slightly improved. However, the water pollution is 
still a big challenge for China because there are nearly 10% of rivers were recorded 
as lower than Grade V water. According to the standard definition, lower than grade 
V is not even suitable for industrial and agriculture purposes. It can be considered as 
a hazardous liquid. Figure 1 shows water pollution in China was since the early 
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1990s, due to mass of factories established. The pollution becomes worse in the 
middle of 1990s and recorded reached the lowest quality level in the 2000s when 
more than 40% of water quality was lower than Grade V. After 2005, the water 
quality was gradually improved due to massive construction of treatment works.  
 
Figure 1: River water quality from 1996-2015 (MEP, 1991-2015) 
China is covered with ten river regions and showed in Figure 2. In 2015, the most 
polluted rivers were Haihe River basin and followed by Huaihe, Liaohe and Yellow 
river. In these rivers, the COD, BOD5 and TP parameters are over Grade III (MEP, 
2016). This is due to this area concentrated Chinese industry and population with low 
number of treatment plants.  
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Figure 2: Chinese main river basins  
2. History of Chinese Wastewater treatment  
China has had waste water purification since 1970s. Some cities originally used 
stabilisation ponds for treating urban wastewater with modifications such as 
channels, ponds and wetlands. According to data published about the 70’s, China had 
38 large stabilisation ponds whose total capacity of wastewater treatment was 1.73 
million m3/ day. The sewage was reported to be composed of 50% urban domestic 
wastewater and 50% from industries (e.g. predominantly oil, chemical, paper and 
printing and dyeing). In this period, China started to import advanced technologies 
and carried out technical exchanges with foreign countries to establish the foundation 
for the future wastewater treatment industry (CUWSDRC, 2003).  
In the 1980s, due to rapid urbanisation further attention was paid to urban water 
pollution and the introduction of urban drainage was accelerated in sympathy. The 
Chinese government adjusted wastewater investment policies to encourage the 
wastewater industry. The policies allowed that international financial organisations 
and foreign governments could invest in treatment plants in China, and provided 
concessional loans to equipment providers. As a result a large numbers of treatment 
plants were built in this decade. China’s first large comprehensive wastewater 
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treatment plant (Jizhuangzi plant), using the activated sludge process, was included 
in these projects. The plant was built in 1982 and operated from 1984, with a 
maximum capacity of 260,000 m3/ day. This plant provided construction and 
operation experience for similar projects which were constructed in Beijing, 
Shanghai, Guangdong, Guangxi, Shannxi, Shanxi, Hebei, Jiangsu, Zhejiang, Hubei 
and Hunan Provinces (CUWSDRC, 2003).  
During the Eighth-Five Year Plan (1990-1995), the development of wastewater 
treatment experienced a further upsurge because the authorities strengthened urban 
environmental protection regulations and water pollution control to cover main 
catchment basins. In the five years, the length of urban foul sewerage reached 
110,062km, an increase of 100%, compared to the start of the plan in 1990 when the 
sewage length was only 55,689km. An investigation showed 64.8% of areas were 
connected to sewers in Chinese major city by this time, which was a big 
improvement. By the end of 1995, China had 169 wastewater treatment plants with a 
capacity of 4.8 million m3/d. Compared with 1990, China had built 89 new plants at 
an average of 17 new plants per year.  
The development of treatment plants were kept at high speed during the next two 
decades. In the Ninth-Five Year Plan (1996-2000), China built 427 plants, 282 with 
secondary treatment to reach a capacity of 21.6 million m3/ day. The Tenth-Five year 
plan (2001-2005) showed a further increase in the number of plants from 427 to 792, 
and the capacity reached 57.3 million m3/d by the end of 2005. The Eleventh-Five 
year plan (2006-2010) added an additional 1,704 plants bringing the total daily 
sewage treatment capacity to 125million m3/day (Yan & Zhao, 2008). The expansion 
is summarised in Figure 3.  
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Figure 3: Number of treatment plants and daily treatment capacity in China from 1990-2015 (NBOSC, 
2016) 
At end of 2010, the municipal treatment rate reached 82% and sewer density reached 
9.2km /km2.The Majority of cities have treatment works and nearly 80% of the 
sewage was collected. The treatment rate of county level cities was behind with a 
60% treatment rate and half of sewer has been collected (see Figure 4). Meanwhile, 
the amount of wastewater produced increased from 41.52 billion m3 in 2000 to 61.73 
billion m3 in 2010 (MEP, 2010). The increase in capacity was not enough to keep 
pace with the continued growth in population. Figure 3 indicated 169 million m3 of 
sewage was produced daily in 2010, but the daily treatment capacity was 125million 
m3. In fact, due to increase demand for water and growth in volumes of wastewater, 
the amount of untreated wastewater is still increasing which has caused huge 
concerns for the environment and potential risks to human health. 
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Figure 4: Chinese municipal sewer density, collection rate and wastewater treatment rate for  (MOHURD, 
2016; NBOSC, 2016) 
In 2011, the Chinese government has declared an ambition to build a resource-
conserving and environmental friendly society during its 12th five Year plan (2011- 
2015). Article 24 of the plan mentioned that solving water pollution is one of the 
priorities. In order to achieve this target by end of 2015, the state council has 
announced a notice to continue to encourage the construction of wastewater 
treatment plants. By unremitting efforts, sewage treatment reached 92% in cities and 
90% in county level cities. Even with this level of construction there is still a 
wastewater problem which remains a challenge for the country. Figure 3 showed 
about 20% of wastewater remained untreated due to limited capacity. Also, the 
wastewater works were not evenly distributed across the whole country and mainly 
constructed in the coast areas and there were less in central and western areas (details 
see Figure 5). In addition, the sewer system was not adequate. Due to slow pipe 
construction work but also pipe leakage, Figure 4 showed sewer network did not 
cover the whole urban area and around 15% of sewage was not collected at both 
major city and county level city. The sewer leakage was also cause of some safety 
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issue such as collapse of road surface and unregularly operation of plants. Moreover, 
the sludge was not treated properly and caused secondary pollution.  
 
Figure 5: Number and distribution of urban wastewater treatment plants in China in 2015 (source from 
MOHURD, 2016) 
In order to solve these problems, the 13th five year plan (2016-2020) switched the 
focus from large scale construction to the improvement of performance of plants and 
sludge paid greater attention and the reuse of the effluent was also considered. The 
government also announced a further increase treatment rate was needed (detail see 
Table 2). By the end of 2020, all the urban areas will have treatment. The average 
municipality treatment rate was to reach 95% and in big cities100% was required. 
The average rate in county level cities was to reach 85% and 90% for the middle and 
east areas of China (MOHURD, 2016).  
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Table 2: The comparison of aim of wastewater treatment during the 13th five plan period (MOHURD, 
2012; 2016) 
Indicators 2015 2020 Increased 
Wastewater treatment rate City 91.9% 95% 3.1% 
County 85% >85% / 
Town 50% >70% / 
Sludge treatment rate  City 53% 75% 22% 
County 24.3% 60% 35.7% 
Town 30% 35% 5% 
Reclaimed Water utilization rate 4.4% 15% 11.6% 
Length of pipes(km) 296,500 422,400 125,900 
Wastewater treatment capacity(million m3/d) 217.44 267.66 50.22 
Sludge treatment capacity(tonnes/d) 37400 97500 60100 
Thus, in the last twenty years, the treatment rate for the urban areas was sharply 
increased, attention has been paid to urban sewage and a comprehensive system of 
quality standards, integrated planning and monitoring introduced. In contrast, 
wastewater treatment in the rural areas has lacked funding, management of standards 
and appropriate techniques. There are different levels of economic development in 
the country, and this directly affects the investment in wastewater treatment in rural 
China. The authorities have considered this problem since 2015. The 12th Planning 
indicates that small town sewage treatment should reach 30% and government has 
provided finance to support this. This was the first plan for treatment in rural areas. 
Rural areas have been ignored for many years due to authorities thinking pollution 
was less of a problem in rural areas, but the data showed that the water pollution is 
very serious in the rural environment.  
China has 2.79 million villages and 768.8 million villagers. The village population is 
60% of the Chinese total. The rural areas play an important role in the Chinese 
economy and polluted rural water and other environment decay has begun to impact 
on the Chinese economy (Chen, 2012). Therefore, the 13th Plan stated the treatment 
rate should increase to 50% in middle and west parts of China, and to 70% in the 
coast areas.   
In 2015, Chinese state council also released an additional action plan covering the 
period up to 2030 for prevention and control of water pollution (Ten Water Control 
Measures), which is a national strategy to avoid water pollution. The plan proposed 
Annex 1: Wastewater pollution in China 
10 
 
that the national overall water quality should be improved and heavily polluted water 
basins should be eliminated by 2020. The overall water quality should be improved 
obviously and water ecosystem function should be recovered by 2030. The plan 
included performance indicators. By the end of 2020, 70% of main water basin 
quality needed to reach or be above grade III water quality with an additional 10% by 
2030 (current quality level see Figure 1). In order to achieve this task, the ten major 
measures that have been agreed (detail see Figure 6). The ten measures, also 
specifically mention rural areas and the target is to build treatment works in the 
majority of towns. Agricultural pollution has also been mentioned and it is stated in 
the plan that the pollution discharge from livestock farms needs to be managed and 
controlled, as well as, pesticides and chemical fertiliser. Village environmental 
renovation projects are also to be boosted and by the end of 2020, 130,000 villages 
will benefit from the plan (SCOC, 2015).  
Ten Water Control Measures
Pollutants total discharge amount Control:Managing industrial, domestic 
and agricultural source
Economic structures transition and upgrading: shut down serious polluted 
industrial
Water resource saving: improving water usage efficiency
Technical supports: innovating advanced treatment process
Reinforcement of the market economy for the water industry
supervision of environmental enforcement
strengthened water environment management
ensure water ecological environment safety
Identification the responsibilities of all parties
Public participation
 
Figure 6: Ten water control measures 
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3. Water pollution in Chinese rural areas  
Rural wastewater treatment rates are far behind those of urban wastewater due to 
policies, investment and lack of awareness (Xi et al., 2014). Rural environmental 
pollution has now become a social problem of concern, results show that 50% of 
complaint letters and 70% petitions were about pollution in rural areas (Wen, 2009). 
Rural resident occupied more than half of the Chinese population. Therefore, to solve 
the problem is very urgency to keep social stability and these diffuse sources of 
pollution will eventually impact on productivity. Li et al. (2003) for example 
reported that water pollution has a serious impact on Chinese industry, agriculture, 
water supply and public’s heath. Investigations showed that 88% of Chinese ill 
health and 33% of deaths were connected to poor drinking water (Li et al., 2003a). 
As a result, water pollution was estimated to cost 3.1% of Chinese GDP (Li et al., 
2003b).  These data were corroborated by a report by Ni and Ma (2010) indicted 
more than 100 million people drunk polluted water in Chinese rural areas. Rural 
water pollution in China cause by three aspects:  
a. Domestic 
The rate of water supply has gradually increased and 82% of the Chinese rural 
population had access to piped supply water in 2015 (NHFPC, 2015). This has had a 
major influence on wastewater amounts because the rural population can more easily 
consume water and more wastewater will be produced, for example the amount of 
water consumption could reach 200L/d per in some affluent villagers (MOHURD, 
2010a). Moreover, the rapid development of tourism industrial has further increased 
wastewater amounts (Liang et al., 2009; Kröger et al., 2012). Figure 7 showed the 
rural domestic water demand amount increased more 40% in the last 10 years. In 
2015, the total annual water consumption of China has reached around 20 billion m3, 
around 6 billion m3 in towns and 14 billion m3 in villages (MOHURD, 2010b). By 
converting to wastewater amount, rural areas generated around 30% of the total 
wastewater in China. The trend in amount of rural sewage could increase in the 
future due to increased use of water heaters, washing machines, flush toilets and 
public service (e.g. watering plants and fountain). Meanwhile, the rate of rural water 
supply will also continue increase.  
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Figure 7: Rural domestic water consumption and supply from 2006 to 2015 (MOHURD, 2016) 
The characteristic of Chinese rural wastewater of different regions are summarised in 
Table 3. In the majority of rural areas water consumption was lower than urban 
regions, but there was a large variation (3.0-5.0) in the discharge amounts observed. 
Generally, all the quality parameters of rural sewage were less pollutants than urban, 
but in a wider a range (Zhang et al., 2008a). Wang (2008b) and Liao et al. (2011) 
suggested that this was due to socio-factors (eg. different customers, economic level 
and geography) and that sewage characteristics were different and also affected by 
local agricultural and industry. For example, the TP concentration in Jiangsu 
province was very high due to well-developed agriculture.  
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Table 3: The characteristic of Chinese rural domestic sewage in different regions 
Province
s 
                       Concentration (mg/L) Water 
demand(L/P/
d) 
Remark
s 
Referen
ce 
pH SS COD BOD
5 
NH3
+-
N 
TP TN 
Anhui - - 800-
1200 
- 10 4-6 20-40 26 In Cao 
lake 
region 
(Sun, 
2010) 
Beijing - 458-
2520 
134.6
1-
627.7
5 
- - 2.12-
7.64 
20.29
-
48.13 
95  (Fong et 
al., 2009) 
Chongqin
g 
- - 44-
456 
- - 9.90-
72.0
2 
0.92-
9.84 
-  (Fang et 
al., 2009) 
Fujian - - - - 11.81 2.06 20 54  (Chen et 
al., 2004) 
Guangdo
ng 
- 59-
107 
182-
350 
- 0.26-
14.3 
1.9-
2.33 
- 71  (Ling et 
al., 2009) 
Guangxi - 72-
160 
42.1-
296.0 
- 6.8-
44.7 
2.1-
5.2 
10.3-
51.8 
- May 
mixed 
with 
rainwater 
(Zhao et 
al., 2014) 
Guizhou - - 77.35-
693.8
1 
 1.04-
17.12 
0.52-
6.37 
5.48-
28.55 
- Hongfen
g lake 
basin 
(Zhang 
et al., 
2013) 
Hebei 6.83
-
8.37 
- 16.40-
99.34 
35-
64 
1.5-
27.5 
1-4 1.73-
28.9 
12-28 Xibeipo 
Region 
(Song et 
al., 2014) 
Hubei - 43.14 90.56 28.3
7 
24.28 2.33 27.32 50-60  (Sun, 
2010) 
Hunan - - 100-
500 
60-
300 
15-43 1.8-
3.5 
29-52 - Huanglo
ng 
village 
(Yang et 
al., 2009) 
Jiangsu 6.38
-
8.89 
9.90-
507.0
4 
30-
1460 
- 1.61-
868.9
2 
0.8-
70.8
2 
- 55  (Duan et 
al., 2013) 
Jiangxi - - 17.47
2-
106.8
4 
 0.325
-
18.92
5 
0.08
5-
6.04
0 
1.176
-
39.55 
- Polluted 
river 
(Zou et 
al., 2012) 
Ningxia 6.5-
8.5 
200-
300 
300-
600 
150-
350 
30-80 30-
80 
5-8 1-10  (Wang, 
2013) 
Shaanxi - - 334-
488 
92-
201 
37.02
-
49.97 
4.55-
5.47 
- - Polluted 
river 
(Zao 
river) 
(Yu et 
al., 2011) 
Shandon
g 
- 337 398.1
4 
- - 9.94 124.9
7 
- Samples 
from two 
villages 
(Gao et 
al., 2010) 
Sichuan 6-9 100-
500 
62.06-
314.0
5 
- 3.59-
40.50 
0.45-
12.1
1 
- 70-110  (Zhang 
et al., 
2008a) 
Qinghai - - 523.3
4 
- 4.7 4.56 18.68 - Only 
Grey 
water 
(Ding et 
al., 2012) 
Taiwan 6.1-
7.1 
- 14.4-
383.3 
4.9-
194.
4 
0.51-
0.85 
0.03-
4.47 
2.09-
55.08 
- Samples 
from 
three 
villages 
(Chen et 
al., 1999) 
Yunnan 6.7-
8.3 
251-
969 
270-
1629 
118-
342 
- 2.10-
37.8
7 
24.0-
237.9 
- In Dian 
lake 
region 
(Yuan et 
al., 2010) 
Zhejiang 6.80
-
7.43 
- 0-
63.13 
18.4
7 
- 0.02
3-
0.03
4 
0.061
-0.13 
- Polluted 
river 
(Yao et 
al., 2013) 
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b. Agriculture  
China represents 7% of world arable land, but has 22% of the world population, 
which requires intensive use of inorganic fertiliser and pesticides (Li & Zhang, 
1999). In 2014, China used 59.96 million tonnes of chemical fertiliser and 1.81 
million tonnes of pesticides. In terms of per sown hectare of Chinese farm land, 
362kg/ha of chemical fertiliser and 11kg/ha of pesticide was applied. The amount 
was double that of 1990 (NBOSC, 2015). Usage of fertiliser was greater in China 
than UK and US by 50% and 160%, respectively (The World Bank, 2014). The UK 
used less than 5 kg/ha for wheat and fertiliser use in limited by EU agreement to a 
maximum 250kg/ha (Food standards Agency, 2006). However, majority of Chinese 
provinces exceeded the EU limited amount. The intensive used of fertiliser and 
pesticides improve food production (detail see Figure 8), but it is a cause of pollution 
in the environment. Normally, the excess is not taken up by the plant and discharged 
to the ecosystem, polluting both surface and groundwater (Zhang et al., 1996). At the 
same time, intensive animal breeding is a third source of pollution including N and P 
via run off and infiltration (Ma et al., 2013; Yang et al., 2012). Recent data showed 
85.2% of lakes and reservoirs were eutrophic or hypertrophic, and 70.6 % of rivers 
were polluted by pesticides (MEP, 2013; Wang & Li, 2007).  Also, the agricultural 
mechanisation level was improved. For example, a combine-harvester severed more 
20,000 people in 1990 but this reduced to 390 in 2014 (NBOSCREID, 2015). 
Therefore, the annual amount of diesel consumption in agriculture was significantly 
increased and consumption reached 21.8 million tonnes. The increase of usage could 
results more pollution and small spillage which could pollute large area of water by 
reducing dissolved oxygen.  
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Figure 8: Fertiliser, pesticides, Diesel Consumption and food production in China (NBOSCREID, 2015) 
c. Industrial  
A water pollution survey showed that 43% of villages were polluted by industrial 
effluent (Tang & Zuo, 2008). Township and village Enterprises (TVEs) was the main 
industry type in the countryside and they have increased sharply since 1978. After 
three decades of planned development, TVEs now produce one third of GDP and 
half the value of the industrial output of China in 2010 (Ministry of Agriculture, 
2011). Many of the TVEs however directly discharge wastewater into their local 
water courses and are the major sources of industrial pollutants in the rural 
environments because of substandard facilities and poor management (Swanson et 
al., 2001). In 1995, 21% of the total industrial wastewater was discharged by TVEs 
but only 40.1% was treated (MEP, 1998). After a further 5 years, the amount of 
discharge reached 41.1% and 36.1% of the total COD discharged, but the rate of 
treatment rate has not improved to the same extent (MEP, 2001). These industrial 
wastewaters are also thought to contain the most highly hazardous substance which 
there was very little information.  
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The Mining industry was identified as the most polluting of the TVEs. The mining 
sites are normally inside mountains where the site could be at headwaters of a 
catchment. In Shanxi province, the coal mining industry has been reported as 
preventing caused 0.26million people getting access to clean water (Wei & Ding, 
2003). Hunan province is located in the middle of China and has large deposits of 
different types of Non-ferrous metals. Due to poor management, the processing sites 
usually discharge directly wastewater and pollutants. The local main river basin 
Xiangjiang was seriously polluted by heavy metal which affected local water supply 
quality (Zeng et al., 2012).  
There are many diseases caused by these industrial effluents, especially cancer. Sun 
(2009) mentioned the rural cancers were mainly caused by heavily polluted industrial 
effluents. Figure 9 present diseases may cause by water pollution in rural areas such 
as malignant tumour, diseases of digestive and malformation. The data indicated 
more death of rural resident related to malignant tumour and death rate gradually 
increased. Dong et al. (2000) and Zhang (2001) also reported the health of local 
residents has been affected and higher rates of both acute and chronic diseases are 
reported with potentially both teratogenic & mutagenic toxicity from these 
pollutions. Currently, TVEs are therefore a major source of rural water pollution. 
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Figure 9: Diseases and death rate related to Chinese rural resident (NHFPC, 2015) 
4. Wastewater treatment in Chinese rural areas 
Due to lack of wastewater infrastructure, rural sewage is normally dumped directly 
onto farmland or into river courses. Results show that rural areas discharge about 
50% of the major water pollutants of whole country, such as 43% of chemical 
oxygen demand(COD), 57% of the total nitrogen and 67% of total phosphorus 
(MEP, 2010).The authorities have considered this problem and taken actions (details 
shown in Table 4). 
Table 4: Relevant projects for rural wastewater management 
Name of 
Ministry  
Project Start 
year 
Total 
investment  
Notes Reference 
Ministry of 
housing and 
urban-rural 
development 
Village renovation 
projects 
 10 billions 
of Yuan 
- (Ju, 2012) 
Ministry of 
environmental 
protection 
comprehensive control 
of the rural 
environment project 
2009 13.5 billion 
Yuan 
57 million 
inhabitants 
benefit 
(MEP, 
2009; 2010; 
2011; 2012) 
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Ministry of 
Agriculture 
rural biogas project 2003 23 billion 
Yuan 
1100 villages 
benefit 
(Li et al., 
2010) 
Ministry of 
Health 
rural toilet 
improvement project 
2007 - sanitary toilets 
reached 72% 
about 187.3 
million 
household 
(Ministry of 
Health, 
2012) 
In 2005, only 1% of villages connected with treatment. Currently, 25.3% of town and 
11% of villages have treatment infrastructure (detail see Figure 10). However, 
current treatment level was not enough to avoid water pollution. During the 13th five 
year plan, rural treatment will be further improved. Central government has 
announced that the average treatment rate in town should rise to 70%, 50% in central 
and west of China. For village treatment, this is expected to rise to 15-20% (Zhao, 
2014). 
 
Figure 10: Wastewater treatment rate in village 2005-2015 (MOHURD, 2016) 
As was the case with urban treatment, most rural treatment plants are concentrated in 
coastal areas, especially in five provinces (such as Beijing, Shanghai, Jiangsu, 
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Zhejiang, Guangdong and Shandong). There was a wide gap between coast and west 
China due to the level of economic development. Figure 11 shows the level of 
wastewater treatment in rural village in the different provinces from 2006 to 2015. In 
2006, the treatment level of villages was very low for whole country, even the 
wealthiest region Shanghai was only 7%. Nearly 80% of provinces, there wastewater 
treatment was less than 2%, eights provinces had no treatment for villages. Due to 
the rural pollution control initiative, the village treatment improved in 2010, but it 
was still at a very lower level compared to urban treatment. As shown in Figure 11, 
the majority of regions were less than 5% and the treatment of coast region was 
sharply increased in 2010. For example, half the villages in Shanghai have treatment 
facilities. There was a further improvement in 2015. Zhejiang province increased 
from 2.5% in 2006 to 62% in 2015, and was the highest in China. However, there 
were other regions showing no improvement. For example, the treatment rate in 
Heilongjiang was only 0.4% and 65% of Chinese provinces were less than 10% in 
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2015. Due to the slower development, there is still a huge gap compared with extent 
and quantity of rural wastewater. 
 
Figure 11: Percentage of Chinese rural villages have wastewater treatment from 2006-2015 (MOHURD, 
2007-2016) 
a. Sewer systems 
Chinese rural sewer networks consist of pipelines and drains. Figure 12 shows the 
progress in rural coverage by sewerage systems. In 2007, the total area of Chinese 
towns was 28,434 km2 with 241,217 km of sewer network and the sewer density was 
4.0km/km2. In 2015, town area was expended to 39,075km2 and sewer density was 
raised to 6.2km/km2. The total area of villages also was increased over the same 
period from 131,167km2 in 2007 to 140,134 in 2015, and the density from 2.0 to 
4.20km/km2.  
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Figure 12: Sewer density and built up areas in rural China (MOHURD, 2007-2016) 
There are three levels of sewerage in Chinese rural areas (detail see Table 5). The 
largest and priority villages are connected to a centralised sewer system, the next is 
cluster system for villages and for the smallest there are onsite systems. Normally, 
rural sewerage was built from concrete, but currently, UPVC is preferred material 
due to light weight, no corrosion and long service life, easier replacement and lower 
friction factor, potentially giving lower full life cost than concrete. The rural 
wastewater sewerage has been studied by He (2007), Li (2010) and Fang (2012). 
They suggested that 200mm diameter pipe could be used for most sub-main and 
main pipes within villagers, and 300mm diameters for inter-connecting the villages. 
Blockage was the most common complaint and inspection chambers are 
recommended at pipe junction points. Prefabricated U shaped flumes for chambers 
were suggested used instead of traditional trapezoid flumes, where by poly vinyl 
chloride pipe could be modified on site as the bottom of the U flume. The traditional 
Inspection chamber covers of cast iron were not suitable for rural areas due to cost 
and risk of pilferage and so Steel-fibre reinforced concrete covers were 
recommended as a better choice. 
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Table 5: Three types of Chinese sewer collection system (Jiang & Liu, 2006; Wang, 2008a; Zhang et al., 
2008b) 
Connecting to centralised sewer 
system 
Cluster system On site system 
When towns or villagers close to 
public sewer system (within 5km) 
and flat landscape, it is recommended 
that the sewer system of villagers 
should be connected. Compared with 
decentralised treatment plants, 
centralised treatment plants were 
reliable to produce good quality of 
effluent. However, this method 
required certain geography and 
investment to construct linking pipes. 
Therefore, if the villages or small 
towns have these certain condition, 
link with urban plants was a priority 
choice.  
 
If it is not possible to connect 
with centralised plants due to 
several reason (such as long 
distance, high costs and 
geography obstacle), then there 
is a decentralized system 
available. This joint sewer 
system can be applied for few of 
villages, single village or a 
couple of households. Normally, 
the treatment plants were built 
at the lower place and sewage 
powered by gravity.   
 
On site system 
In some case, the 
houses are long 
distance and complex 
geography. It is hard 
to collect wastewater 
from each house. In 
order to achieve 
effective way to 
manage sewage and 
save cost, the village 
could divide into 
sections and each 
could include 
individual household 
or few household.   
 
b. Treatment plants 
In Chinese rural areas, the wastewater treatment systems are separated into 
centralised and de-centralised. Areas with higher population density have centralised 
treatment installed and de-centralised treatment for low population density areas 
(detail see Table 5). In 2015, rural areas had 3,437 centralised plants 
treating14million tonnes/d (MOHURD, 2016). Similar as urban treatment, rural 
centralised plants have mainly adopted the oxidation ditch, Sequencing batch 
reactors, constructed wetland, A2/O and bio-filter (Li et al., 2012; Wu et al., 2011). 
Typically, the capacities of the plant was lower than 10,000m3/d.  
There are various types of decentralised wastewater treatments processes in rural 
China rural and reported by many researchers (Cao & She, 2009; Chen, 2006; Liang 
& Ni, 2007; Ling et al., 2009; Lv et al., 2006; Shen et al., 2009; Tan et al., 2011; Wei 
et al., 2012; Ye, 2013). Septic tanks were most used widely used in 97% of areas due 
to their low cost and simple operation. Anaerobic treatment was also promoted by a 
national rural biogas reactor construction plan.  Whereby two thirds of the cost was 
covered by government subsidy and the villagers paid the rest. It was reported in 
2000 that China had 40 billion biogas reactors and covered about 30% of the rural 
population (Chen et al., 2010). Secondary de-centralised treatment processes were 
not common and less than 30% of areas used them which included oxidation tanks, 
biofilm reactors, constructed wetlands or engineered soil treatment. Standard 
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activated sludge was rarely used even in rich villages with large populations (Dong et 
al., 2012; Guo et al., 2014).  
Recommended kinds of decentralised sewage treatment process flow sheets in rural 
areas are shown in Figure 13. Mode 1 is a combination of septic tank and aerobic 
biofilm/MBR/Activated sludge. After this process, the effluent can be reused for 
irrigation or be directly return to surface water. This mode is the most popular and 
results show 61% of villages adopted it. Mode 2 is a combination of the anaerobic/ 
anoxic biofilm and ecological treatment processes. The benefits of this mode were 
lower energy consumption and low maintenance. The ecological treatment stage can 
give improved removal of P. 16% of rural areas used it. Mode 3 is combined septic, 
aerobic biofilm and ecological processes. 23% of rural areas selected this type. Mode 
1 was generally applied in areas with relatively large sewage volumes and land 
shortage. Modes 2 and 3 always were used for small sewage treatment plants, 
especially when the capacity needed was less than 200 m3 d-1. Mode 3 produced 
excellent effluents and was used in areas which required better water quality (Chen, 
2012; Guo et al., 2014). 
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Figure 13: Three main types of modes using in Chinese rural area (Guo, 2014) 
The survey also investigated the capacity of decentralised treatment plants in rural 
areas.  The results showed the typical maximum capacity of plants was 1000 m3/d. 
The majority of plants had a capacity below 500 m3/d (See Figure 14). The 
investigation found only 2 cases with capacities less than 1 m3 /d and only provided 
for individual households (Guo et al., 2014). 
 
Figure 14: The number of decentralised wastewater treatment plants in different capacity (Guo et al., 
2014) 
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c. Standards  
The Chinese government has published several standards for rural wastewater 
treatment in recent years see Table 6. The relevant standards covered rural treatment 
plants from construction to effluent discharge.  
Table 6: Chinese Rural wastewater treatment relevant standards 
Categories Name Standard No. Notes 
Relevant 
Effluent 
standards 
for rural 
area 
Integrated wastewater discharge 
standard 
GB8978-1996 Effluent directly 
discharge to water 
body 
Discharge standard of pollutants for 
municipal wastewater treatment plant 
GB18918-2002 Effluent directly 
discharge to water 
body 
Standards for irrigation water quality GB5084-2005 Effluent reuse for 
irrigation 
Water quality standard for fisheries GB11607-89 - 
The reuse of urban recycling water - 
Water quality standard for scenic  
environment use 
GB/T18921-2002 - 
The reuse of urban recycling water — 
Quality of farmland irrigation water 
GB20922-2007 Effluent reuse for 
irrigation 
Relevant 
standards 
for rural 
treatment 
facilities 
Technique code for village 
rehabilitation 
GB50445-2008 Guideline for sewer 
and treatment plants 
Technical specification of wastewater 
engineering for town and village 
CJJ124-2008 - 
Small complete equipment for domestic 
wastewater treatment 
CJ/T 355-2010 - 
Technical specification of wastewater 
treatment facilities for village 
CJJ/T163-2011 - 
Currently, rural wastewater effluent discharge has been set as second class 
GB18918-2002 (see Table 6). The discharge standard grades link with surface water 
quality grades (see Table 1).  However, these standards were primarily developed for 
urban plants and to preserve the urban water environment and they are higher than 
European standards. Therefore, rural plants struggled to meet these standards due to 
scale, operation, technical and economic differences. Creating new standards for 
rural location plants would be progressive. Urban standards could be the starting 
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reference, but factors should also be based on the economic, geographic, climatic and 
human activity in the area. 
Table 7: Chinese and EU Discharge standard of main pollutants for municipal wastewater treatment plant 
Parameters(mg/L) First Class Second 
Class3 
Third 
Class4 
EU Standard 
GradeA1 Grade B2 
COD 50 60 100 120 125 
BOD5 10 20 30 60 25 
SS 10 20 30 50 35(TSS) 
TN 15 20 - - 10 
TP 0.5 1 3 5 1 
NH3-N 5 8 25 - - 
Colour 30 30 40 50 - 
pH 6-9 - 
Number of fecal 
coliforms (number/L) 
1000 10000 10000 - - 
Notes:  1 effluent for reclamation or discharge to low environment capacity stream 
            2 discharge to Grade III water environment  
           3 discharge to Grade IV or V water environment 
           4 discharge to non-control water environment 
5. Challenges of wastewater treatment in rural area  
a. Lack of monitoring and law support 
China has relevant regulations and laws for the control of environmental pollution, 
such as water law, water pollution control regulation and environmental protection 
law, but they have mainly focused on industrial and urban areas and few specifically 
consider the differences in rural areas. The environmental protection law of China 
states that MEP is the leader of national environmental protection. However, in rural 
areas there is no chain of liability for managing the environment (detail see Figure 
15). The responsibility for the wastewater cycle and the role of government 
departments in the management of rural sewage is not clear (Gao, 2009). None of the 
Ministries are uniform in their approach to rural pollution because there are no 
specific regulations to cover this field (Wu et al., 1999). For example, the planning of 
an urban treatment plant follows the sequence of; approval by the local Development 
and Reform Commission, during construction the plants are under the responsibility 
of the bureaus of Housing construction and the environmental protection bureaus 
(EPB) only monitor effluent quality after the plant is commissioned and have no 
influence on design. In addition, the power of EPB is limited because of insufficient 
resources (Xue et al., 2006). EPB has 3,039 supervision branches with about 66,000 
staff. These limited branches were distributed throughout the vast China and it is 
very hard to monitor pollution issues (MEP, 2013). 
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Figure 15: China Administrative structure for wastewater management (Yu et al., 2015) 
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b. Financial difficulty 
The funding of rural plants is also a problem, particularly for less developed areas. 
The lower investment directly affect treatment rate and related to development level. 
Unlike urban BOT (Build-operate-transfer) projects, the initial construction cost of 
rural treatment plants is normally covered by regional or provincial government, 
while the villages undertake the operational costs. Central government has no specific 
funding for rural plants. Normally, sewage treatment funding was a part of overall 
village/town renewal or expansion schemes (detail see Table 4). In 2015, Chinese 
rural wastewater infrastructure investment represented 3% of total rural construction 
investment (detail see Figure 16). Funding available always was often allocated to 
more visible prestigious developments such as housing, hospitals, road and factory 
(MOHURD, 2016). Wastewater treatment projects were not the priority at the current 
stage. Moreover, funding always focused on construction and ignored operating and 
maintenance costs. Village governments do not charge the local inhabitants income 
tax and it is hard to ensure regular operation and maintenance after construction has 
finished particularly in the poor villages (Wang, 2008b).  
 
Figure 16: Rural construction investment in China (MOHURD, 2016) 
c. Poor management of treatment plants 
Because of a lack of consistency in the management of rural sewage treatment, poor 
operation and management were the most commonly reported problems for rural 
sewage plants. The MOHURD monitoring system showed only 50% of rural 
treatment plants were under regular operation. Another investigation results 
confirmed this and explained the reason why the operation rate was relatively low. 
The results showed only 5% of rural plants were run by trained staff, 69% of plants 
were not supervised or with part-time maintenance and 26% were run by 1 or 2 full 
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time operators. For example, a survey showed only 15 rural plants operated regularly 
in Beijing (total 121) (Hang, 2015). Also, Sludge was not treated properly in rural 
areas and caused secondary pollution (Ju, 2012). 
d. Inappropriate collecting system, treatment facilities and standards 
The technical problems at in rural plants were also identified and can be summarised 
as follows. Figure 12 showed the rural sewer density was increase, especially in town 
areas. However, recently data showed the sewage collection rate was only 42% in 
town (MOHURD, 2016). Half of wastewater directly discharged into nearby 
environment and caused pollution.  Currently, rural sewage was collected by 
combined open channels. This method has obvious benefit such as easy maintenance 
and lower costs, but it diluted the influent which contained lower organic 
concentration. The major flows in the rural sewer systems were grey and storm water. 
It was also reported that the Chinese septic tanks performed no additional effluent 
discharge and infiltrate into the ground (Li, 2010; Nie et al., 2010; Wang et al., 2010). 
As a result, the COD concentration of influent was lower than 100mg/l and in some 
plants, which already met discharge standards (Gao et al., 2010). Due to these 
reasons, the performance of plants was poor. Moreover, as noted sewage treatment 
standards used in rural areas have been adopted from urban ones and not suitable for 
villages, due to technical and management difference. Normally, rural plants have to 
achieve the 2nd grade discharge standard (GB18918-2002), but in many cases it was 
shown that most cannot achieve this standard even if there was the secondary 
treatment (Dong et al., 2012).  
There have some provinces have designed local rural effluent discharge standards. 
These local standards were similar or lower than national, except Beijing which is 
stricter. Some of provinces reduced pollutant parameters such as Zhejiang and Shanxi. 
All the local authorities may adjust pollutant indexes based on local situation, but not 
clearly explained.  
e. Poor awareness  
The rural people are at an early stage of environmental protection, their main targets 
are to keep the local environmental clean and tidy. An investigation showed the 
majority of rural population were not informed about the hazards from wastewater 
because they can access piped water (Kan, 2008). Currently, most treatment projects 
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rely on government investment and leadership. People are in passive cooperation, 
because they think the projects are a government task and not directly related to or 
affecting them. Therefore, treatment facilities were often abandoned and without 
resident support.  
Currently, some rural areas of Chinese are still in a poor economic condition and to 
increase people’s income is the first priority. Recently, the urban areas have enforced 
strict discharge standards and pushed heavy polluting industry out of cities driving 
them into rural or less developed areas. For rural leadership the priority is to 
encourage factories to create more jobs for local people to maintain social stability 
and pay taxes for local government. Therefore, local government protects these 
industries although highly polluting, even when they discharge wastes exceeding the 
standards. Without local government support and public participation, progress to 
overcome rural water pollution will be hard to achieve (Hu & Wang, 2008; Pan, 2005; 
Xue et al., 2006; Zhu, 2007). Simple maintenance technologies and education of 
protection awareness will be needed to be effective. 
6. Wastewater treatment comparison in UK 
The UK have around 9,000 treatment plants with 624,000km of sewer treating around 
11 million m3/d from domestic to industrial and serving a population of about 
60million (Defra, 2012). Currently, water consumption in Britain is around 150L/day 
per person and the most amounts discharged into sewer and treated. In terms of total 
treatment capacity/Population, China's average capacity for per person is 120 L/d 
(Zhang et al., 2016). By the way of comparison, there was little difference between 
UK and China. However, due to combine sewer and non-uniform distribution of 
wastewater infrastructure in China, there was a huge gap.  
The Romans constructed the earliest sewers in the urban UK up to approximately 
400AD. However, the systems were abandoned after the Roman Empire collapsed. 
Cesspools were used as urbanization accelerated and there were first recorded as in 
1189. Due to growth of population and expansion of cities during industrialization, 
land treatment was introduced in the middle of the 19 century which was the first type 
of treatment process. However, because of the large area needed it becomes 
unmanageable for large populations and the process becomes ineffective. Ponding 
was a major problem and it was hard to find the large areas of land necessary for 
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construction as the population continued to expand. In 1870 Sir Edward Frankland 
developed the fundamental principles of the biological filter based around gravel 
soils. After twenty years, the first biological filter was constructed in Salford near 
Manchester. The other secondary treatment A/S was developed in the 1920s and it is 
the most widely used secondary process due to efficient removal of pollutants whilst 
using ten times less land than bio-filters (Cooper, 2001).  
Until 2012, 96% of the UK’s population were served by centralised sewage treatment 
and other 4% of the population served by decentralised treatment plants (Defra, 
2012).  In 2007, the EU started a project for promoting exchanging information on 
water management. This project report indicated the main types of decentralised 
wastewater treatment used in the UK rural areas and divided into primary and 
secondary treatment. The primary included septic tanks and cesspools. The secondary 
treatments were activated sludge units, extended bio-filtration and rotating biological 
contractors. These processes were applied for small communities or individual 
households. These small scale sewage treatment plants are similar to large plants such 
as procedures and operation. Similar as China, both biological filters and activated 
sludge treatment were the most common processes in UK. This report noted that 
tertiary treatment was also used in rural areas. These techniques included grass plots, 
upward flow clarifies, effluent lagoons and reed bed treatment systems (Ruokojärvi, 
2007).  
Unlike China, water supply and wastewater industries are mainly run by the private 
sector in UK. Currently, water industry is service by 10 companies in England and 
Wales (See Figure 17), compared to more than 1,000 authorities in water supply and 
around 1,400 responsible for sewage treatment in 1945. This changed with the Water 
act 1973. This act requires that water supply and sewage treatment should be 
coordinated and free from local authority politics. The role of government was further 
reduced in a 1983 Act. After the 1983 election, the speed of privatisation was 
accelerated and many utilities were privatised including British Telecoms and British 
Gas in 1984 and 1986, and the Water Act 1989 privatised these existing water 
authorities into water companies (Ruokojärvi, 2007; Ofwat, 2006). Only Scotland and 
Ireland remained in public management.  
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Figure 17: Ten water authorities (Ofwat, 2006) 
The administrative structure of the UK sewage industry involves public and private 
institutions (See Figure 18). The EU leads the structure and is responsible for 
directives and design codes. The duty of Defra is to enforce and manage 
environmental issues EU design policy in the UK. Also, they are responsible for 
transformation of EU directives into UK law, legislation and standards. The 
environment agency (EA) is the regulator and the principle advisor to British 
government via Defra and helps enforcement of law. The EA controls and monitors 
industrial and municipal effluent discharges. Ofwat is responsible for pricing and 
other economic issues (such as maintenance and investment) in England and Wales. 
They therefore control water supply and sewage treatment prices.  
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Figure 18: UK wastewater administrative structure  
The Urban Waste Water Treatment Directive (91/271/EEC) was agreed in 1991. The 
Directive has set an effluent discharge standard for COD, BOD, TSS, TN and TP. 
Many European counties already used similar values for their own country (See Table 
8). It applied in UK as well.  
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Table 8: Effluent discharge standards for several European countries (Jacobsen & Warn, 1999) 
Country Inhabitants 
In thousand 
COD 
mg/L 
BOD5 
mg/L 
TSS 
mg/L 
Total 
N 
mg/L 
Total 
P 
mg/L 
Type of treatment 
or remark 
EU >2 125 25 35   secondary 
10 – 100 125 25 35 15 2 tertiary 
>100 125 25 35 10 1 tertiary 
Switzerland 0.2 – 2  20 20   secondary 
2 – 10  20 20  0,8 tertiary 
>10  15 15  0,8 tertiary 
France >2 125 25 35    
10 – 100 125 25 35 15 2  
>100 125 25 35 10 1  
Italy  160 40 80 10 0,5 lakes <10 km from 
shore  160 40 80  10  
Netherlands 1.8 – 18 125 20 30 15 2 tertiary 
18 – 90 125 20 30 10 2 tertiary 
>90 125 20 30 10 1 tertiary 
The effluent standards are set to ensure no ecological impact within the receiving 
environments. There are three types of disposal methods used in the UK: Disposal to 
inland or tidal waters or disposal to underground strata and to land. All the methods 
have to be approved by the EA as representatives of Defra (Ruokojärvi, 2007). Before 
discharge, UK has the three levels of treatment, each treatment depends on the degree 
of sensitivity of the area of the receiving, but currently only two types of receiving 
areas were classified by England and Wales. The normal area requires secondary 
treatment and sensitive areas require tertiary treatment (Detail see Figure 19) (Defra, 
2002). 
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Figure 19: Diagram of sewage treatment process cycle in UK (Defra, 2002; Defra, 2012) 
However, British wastewater treatment faces challenges in the future. Population 
increase generated more wastewater and requires high level of wastewater 
infrastructure (sewer network and capacity). That request substantial investment. 
Besides, the requirements of EU and British Environmental standards have improved 
every year to ensure a better water environment, particularly stick to phosphorus 
concentration of effluent. The lower level of pollutants required to be contained in 
effluent needs regular upgrades and improvement treatment to plants. Table 9 showed 
recent investment in British wastewater industry. In addition, due to the long history 
of sewerage treatment, the British sewer network was aged, for example sewer system 
in London was designed and built in the 1850s. The ageing sewer network could 
cause overflows, land collapses and groundwater contamination. In addition, a 
reduction of carbon emissions is also an urgent issue. By 2050, industry energy 
consumption should be reduced by 20%. However, the effluent discharge standard is 
improving every year. With lower cost and energy consumption, it is not easy to 
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achieve superior standard. Finally, it is a challenge to introduce new sewerage 
treatment technologies due to unexpected reliability, operational efficiency and cost 
(Lucy & David, 2016).  
Table 9: Wastewater industry investment in UK from 1990 to 2015 (Defra, 2012) 
Periods England Wales Scotland Periods Northern Ireland 
1990-2000 9,600 1,200 2,160 1990-1999 221 
2000-2005 4,600 500 1,980 1999-2010 1,110 
2005-2010 3,100 300 2,380 
2010-2015 3,100 100 2,500 2010-2013 176 
Total 20,400 2,100 9,020 Total 1,507 
million pounds(£) 
The British wastewater treatment is mature industry and has lots of examples. China 
is worth to learn. In Britain, anaerobic digestions recover 140 MW of energy and this 
amount to 30% of total wastewater energy consumption. By thermal hydrolysis pre-
treatment and addition of household food waste, 50% of energy used in wastewater 
could be recovered. Nutrients are also recovered from British wastewater plants. An 
example of the recovery of valuable chemical feedstock from wastewater is struvite 
which is a magnesium-ammonium-phosphate. It can be used for agriculture as slow-
release fertiliser. As can been seen from Figure 19, about 80% of sludge was recycled 
to land. Furthermore, EA considered to reuse of treated wastewater for water supply 
or industrial purpose (Lucy & David, 2016).  
7. New management strategy and financial method for conquering rural 
wastewater pollution in China 
China has utilised wastewater purification for 30 years now, but the investment in 
resources, financial, skill and speed has been insufficient to avoid serious pollution of 
Chinese river. The reasons were summarised in the previous section. The review 
conducted for this thesis suggests the main reason was a low level of environmental 
awareness by general people. Until now, China still has 60 million people live under 
poverty line with income less than 1 dollar per day (SCOC, 2016). Therefore, increase 
people’s income is the priority. In order to maximise profit and reduce costs of 
production, the factories discharge the wastewater and solids without treatment in 
rural areas. Primarily, majority of local people benefit from that due to more work 
opportunities and pollution problem was ignored. The situation has changed and in 
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current stage, the pollution is obvious to all and now clearly affects majority of 
people’s interests. To control and recover the environment is a common view for 
whole country.  Recently, the central government has addressed the two strategies to 
solve awareness and financial problem.   
In 2016, the central government announced a new management strategy to control 
water pollution, which is called River Chief (RC) system. This system was first 
applied in Jiangsu province in eastern China to solve the algae bloom problem in 
Taihu Lake. The philosophy of RC strategy is to control the water pollution in certain 
area by getting local governor involved. The strategy has now been tried in more than 
ten provinces and achieved successful results. For example, water quality in Zhejiang 
province was significantly improved by adoption of this strategy. In 2016, 76.9% of 
water reached over Grade III and increased 13.1% than 2013.  
The system requires head of officials at each level of government to take full 
responsibility for protecting rivers and lakes in their jurisdiction from provincial to 
village level (detail see Figure 20). An office is established for executives at each 
level. The main duty of the office is to protect specific river catchment and implement 
decisions from the RC. In order to enhance the power of the bureau, all the 
government departments and institutions are required to cooperate with the office. 
The office acts as core of water environmental protection. The RCs will be 
responsible for any environmental pollution cases and it will be recorded in their 
personal records for evaluating performance that could affect promotion of the 
officials. Public participation was included in the strategy. To ensure public 
engagement, contact information about chief is reported through media include names 
and contact number. These provincial authorities have to submit an annual report to 
the central government. Also, the performance of provincial government will be 
evaluated by the national environmental protection inspection team which appointed 
by Chinese state council.  
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Figure 20: RC strategy structure 
The aim of the system is to more efficiently integrate resources to solve the complex 
problem (due to water pollution caused by many aspects) because the region head is 
the RC with the ability to mobilise resources. This is the first time define 
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responsibility for water pollution. However, there is still debate over this strategy in 
these early stages.  
Li (2009) noted that the RC system can force local government and officials to focus 
on water pollution. However, problems of conflict of interest were possible since 
Chinese environmental protection law has also stated local government have 
responsibility for all environmental issues not only the water. Furthermore, there is a 
specific EPB for reporting environmental issue. It is no meaning to ask a governor to 
act as RC. Certainly, current management by EPB was not good enough to prevent 
water pollution. The advantage of the new system is that it provides further 
explanation for the law by clarification of the responsible person (Fu & Li, 2009). 
Also, the system has improved work efficiency in water pollution control by enhanced 
department cooperation (Ren, 2015).  
The system could help to solve rural water pollution fundamentally. Due to lack of 
resource, the pollution has been very hard to supervise by EPB. By appointed town 
and village level of RC, the problem could be solved. In Zhejiang province, there 
have an online management system for RC. It can install on mobile phone. Once open 
the application, the system will record RC’s position and movement to check whether 
the chief on duty. After patrolling, the RCs require to submit a daily report. Based on 
these information, remote areas could be managed, especially for rural indusial 
wastewater. The system would gradually be improved. Public participate and 
supervision by third party are core to ensure the system implementation. The system 
could then be for other environmental issues such as air and solids. The most 
important thing is to improve sustainable development awareness of local leadership.  
In the next five year, Chinese government set tasks to improve rural treatment rate to 
70% in town and 20% in village. This greater change needs greater investment. In 
traditional way, mainly depend on government investment. To constructed treatment 
to cover whole rural area need to invest 5,000 RMB (1 RMB equal to 0.12pounds) per 
rural resident. By roughly calculation, China needs to invest 25,000 Billion RMB and 
equal to nearly two year total rural construction investment. In addition, the operation 
cost for the treatment facilities required extra 30 billon RMB and equal to 2% of total 
annual rural investment. However, current total investment in rural wastewater was 
only 3% of total rural investment (detail see Figure 16). This is a huge pressure to 
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government and detail describe in previous section. Currently, there are a new 
investment models in China which is PPP (Public–private partnership). Unlike BOT, 
PPP is public service which is funded and operated through a partnership of 
government and one or more private sector companies. By introducing this model in 
rural wastewater treatment, this could relief financial government pressure. Also, due 
to high credit of government, the project could be more easily secure a loan and speed 
up the project. The private partnerships seek for profit maximisation. During the 
operation stage, this could help the plants under regular operation and more 
wastewater will be treated. Also, Reduction of cost is a main task for private 
partnerships. By minimising cost, this could help reduce treatment fee and remit local 
resident financial pressure (Wan et al., 2006).  
PPP Project
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Company
Co-partnership 
company
Investment Investment
Financial 
Institutions 
loan
Build
Operation
Transfer
Profit
Repayment
concession agreement
Share profit
 
Figure 21: Structure of PPP 
8. Summary  
The Chinese wastewater treatment industry has been significantly developed in the 
last 20 years, treatment rates have been increased from 30% in 1998 to 93% in 2012. 
However, the majority of treatment plants have been built in urban areas. The rural 
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areas have been ignored. The quality of rural environment has got worse over the 
some period due to growth in amounts of sewage and lack of treatment. It has been 
concluded that this is due to lack of a mechanism to identify responsibility for 
operation and maintenance of treatment plants after construction and also to note the 
duty of each administration. 
There has been recognition of the problem and have some recent actions to overcome 
the situation. In the short term, it is an urgent issue to produce more a practicable and 
achievable rural effluent discharge and design standards to guide monitoring 
performance. Unlike urban water environment, the effluent could be reused for locally 
irrigation and the nutrients as fertiliser if well managed. Therefore, phosphorus and 
ammonia-nitrogen could less consider when the effluent is discharged to farm land. 
The UK/European classification system for areas could be adapted for example 
depending on the sensitivity of receiving area. This thesis proposes the TF could be 
applied for conquering rural water pollution due to lower investment, easy 
construction and easy maintenance. The easiest tests could be used for guiding the 
plants daily operation (e.g. turbidity, colour, dissolved oxygen and pH). In order to 
break local protectionism, it is important to keep the media and non-government 
organisations active in supervision water pollution (Xue et al., 2006). 
Rural wastewater management plans at national level are needed. Marketization and 
PPP model are a way to solve the shortage of rural plants and ensure their good 
operation. The river chief system can play an important in rural water environmental 
protection by encouraging villagers to participate and understand whole operation 
from planning to operation and how it benefits their health and agricultural 
productivity (Pan, 2004; Zhang, 2009). Moreover, in future the EPB needs to become 
a core agency for monitoring not only wastewater pollution but also for the 
interlinked solid wastes, and ensuring collaboration with other government bodies.  
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1. Media Selection 
Dynamic test 
Col.1: Kaldnes; Col.2 Blast-furnace slag; Col.3 Crushed brick; Col.4 Crushed concrete 
Data COD(mg/l) SS(mg/l) 
Inf. Effluent Inf. Effluent 
Col. 1 Col. 2 Col. 3 Col. 4 Col. 1 Col. 2 Col. 3 Col. 4 
12/11/2014 326 216 190 109 137 104 48 32 24 24 
13/11/2014 410 204 236 155 179 56 96 84 80 92 
14/11/2014 396 208 218 152 162 48 40 60 24 24 
19/11/2014 420 268 256 206 267 68 78 78 72 62 
20/11/2014 430 183 182 201 268           
01/12/2014 239 189 162 155 197 168 76 108 60 80 
02/12/2014 234 169 138 123 141 100 40 68 32 52 
03/12/2014 174 135 96 104 96 96 36 44 12 28 
04/12/2014 333 200 151 151 173 130 72 56 64 36 
05/12/2014 258 206 187 210 206 160 80 72 68 84 
10/12/2014 255 155 112 145 146 116 72 8 32 28 
11/12/2014 266 167 118 150 180 136 60 40 24 44 
12/12/2014 260 170 157 164 148 136 68 32 24 8 
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Data Temperature (⁰C) Turbidity(NTU) 
  Inf. Effluent Inf. Effluent 
    Col. 1 Col. 2 Col. 3 Col. 4   Col. 1 Col. 2 Col. 3 Col. 4 
12/11/2014 18.9 17.9 18.1 17.8 18.1 32.1 12.4 9.02 6.45 6.89 
13/11/2014 20.7 18.8 19.2 18.5 19.4 29.2 20.2 21.4 15.5 16 
14/11/2014 19.6 18.2 18.7 18.2 18.6 26.8 26.7 21.6 13 15.2 
19/11/2014 21.5 17 17.8 17.3 18.3 45.7 36.5 36.6 27.4 34.1 
20/11/2014 21.9 15.2 16.9 18.5 16.9 45.7 18.4 18.2 29.2 28.3 
1/12/2014 22.2 15.5 17.3 17.3 18.3 56.4 29.6 40.3 20.1 31.9 
2/12/2014 22 19.3 19.8 19.1 19 44.9 25.4 64.6 16.5 22.6 
3/12/2014 20.5 12.3 14 13.9 12.7 38.5 17 27.5 10 11.6 
4/12/2014 18.6 14.1 15.2 15.1 13.9 42.2 26.5 28.3 26.6 20 
5/12/2014 18.4 15.8 16.9 16.7 16 62.2 34.5 33 32.1 34.2 
8/12/2014 18.3 13.3 13.8 14.3 12.9 52.9 19 10.1 16.8 9.81 
10/12/2014 20.3 14.4 15.5 15.2 15.2 54.7 23.1 11.2 14 15.8 
11/12/2014 20.4 13.9 15.7 15.1 15.2 61.7 25 12.8 16.5 19.9 
12/12/2014 20.6 14.1 15.9 15.3 15 59.7 28.6 12 19.5 17.5 
15/12/2014 19.7 13.7 14.1 14.3 14.5 46.5 34.2 10.2 22 15.4 
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Data pH 
  Inf. Effluent 
    Col. 1 Col. 2 Col. 3 Col. 4 
12/11/2014 7.08 7.32 7.23 7.57 7.51 
13/11/2014 6.65 7.61 7.56 7.66 7.66 
14/11/2014 6.36 7.31 7.16 7.52 7.48 
19/11/2014 6.93 7.47 7.38 7.54 7.46 
20/11/2014 7.43 7.6 7.55 7.59 7.5 
1/12/2014 7.29 7.7 7.44 7.54 7.45 
2/12/2014 7.42 7.62 7.43 7.5 7.45 
3/12/2014 7.71 7.72 7.44 7.55 7.35 
4/12/2014 6.73 7.23 7.25 7.29 7.26 
5/12/2014 7.36 7.52 7.39 7.45 7.67 
8/12/2014 7.17 7.57 7.41 7.4 7.48 
10/12/2014 7.55 7.56 7.33 7.43 7.36 
11/12/2014 7.4 7.56 7.35 7.45 7.41 
12/12/2014 7.34 7.54 7.36 7.43 7.44 
15/12/2014 7.8 7.8 7.53 7.55 7.62 
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TC(ppm) IC(ppm) TOC(ppm) 
Inf. Effluent Inf. Effluent Inf. Effluent 
Col. 1 Col. 2 Col. 3 Col. 4 Col. 1 Col. 2 Col. 3 Col. 4 Col. 1 Col. 2 Col. 3 Col. 4 
12/11/2014 151.7 85.62 78.4 58.27 72.83 38.3 38.19 36.66 34.3 43.12 113.4 47.43 41.74 23.97 29.71 
13/11/2014 128.4 69.15 68.21 58.99 67.31 15.71 42.83 27.73 37.81 53.58 112.69 26.32 40.48 21.18 13.73 
14/11/2014 102.7 68.34 66.52 54.62 64.35 15.57 24.9 9.76 23.1 39.75 87.13 43.44 56.76 31.52 24.6 
19/11/2014 96.46 64.73 61.05 62.01 60.27 25 32.09 33.27 33.13 31.16 71.46 32.64 27.78 28.88 29.11 
20/11/2014 83.47 70.15 59.4 65.97 73.58      83.47 70.15 59.4 65.97 73.58 
01/12/2014 58.84 61 59.32 52.64 60.11 32.27 32.83 24.68 29.35 29.82 26.57 28.17 34.64 23.29 30.29 
02/12/2014 60.76 56.87 49.76 53.91 52.03 32.62 33.94 29.06 30.61 32.12 28.14 22.93 20.7 23.3 19.91 
03/12/2014 52.61 51.24 46.89 49.92 46.69 29.44 32.12 21.3 26.48 33.36 23.17 19.12 25.59 23.44 13.33 
04/12/2014 68.17 51.18 44.43 50.06 50.27 23.85 32.19 23.91 24.42 28.62 44.32 18.99 20.52 25.64 21.65 
05/12/2014 54.68 63.52 49.12 62.15 50.21 29.58 58 27.65 29.19 28.34 25.1 5.52 21.47 32.96 21.87 
08/12/2014 54.55 58.87 46.77 48.18 46.55 30.17 33.39 25.48 25.89 27.74 24.38 25.48 21.29 22.29 18.81 
10/12/2014 58.01 58.6 46.16 53.25 56.03 33.13 34.17 26.71 29.89 31.68 24.88 24.43 19.45 23.36 24.35 
11/12/2014 59.62 55.54 42.89 47.5 52.34 35.8 34.45 23.7 20.83 29.75 23.82 21.09 19.19 26.67 22.59 
12/12/2014 58.23 56.15 41.24 48.58 49.44 32.33 34.21 22.47 23.3 29.27 25.9 21.94 18.77 25.28 20.17 
15/12/2014 61.89 64.46 46.77 56.14 56.34 44.19 39.03 31.31 28.59 37.14 17.7 25.43 15.46 27.55 19.2 
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Data NH4(mg/L) TP(mg/L) 
Inf. Effluent Inf. Effluent 
Col. 1 Col. 2 Col. 3 Col. 4 Col. 1 Col. 2 Col. 3 Col. 4 
12/11/2014 34.4 29.9 25.2               
1/12/2014 17.5 19.5 13.1 16 11.4           
2/12/2014 25.5 28 25.5 24.6 24 3.19 3.34 3.53 4.04 3.32 
3/12/2014 22.6 23.8 21.4 24.6 19.2 2.29 3.01 3.49 4.1 3.1 
4/12/2014 22 18.5 15.4 19.3 14.9 2.47 2.11 2.31 2.74 2.24 
5/12/2014 12.5 12.4 11.3 13.3 12.9 2.18 2.33 2.48 2.63 2.21 
8/12/2014 13.9 13.3 11.2 12.2 9.97 2.24 3.09 3.2 3.52 3.14 
10/12/2014 25.5 29.6 21.3 26.7 24.7 2.15 3.28 3.44 4.16 3.06 
11/12/2014 23.5 27.1 19.3 21.6 17.8 2 3.17 3.42 4 2.72 
12/12/2014 18.1 20.6 14.1 18.1 13.9 1.94 3 3.5 3.95 2.65 
15/12/2014 23.1 27 19.6 22.8 20.5           
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Static test 
3h tests 
P=5 
pH             media              Slag(%) Concrete(%) Maifan(%) Brick(%) Zeolite 
6 -19.12 (±4) 0.29(±0.1) -25.29(±4) -18.82(±10) -15.59(±4) 
7 12.35(±4) 30.29(±10) 11.18(±4) 9.12(±3) 15.29(±5) 
8 5.59(±2) 20.88(±2) 7.65(±3) -1.47(±1) 8.82(±3) 
 
P=10 
pH             media              Slag(%) Concrete(%) Maifan(%) Brick(%) Zeolite 
6 0.8(±0.4) 7.52(±3) 4.21(±2) 1.4(±1) 0.4(±0.1) 
7 3.01(±2) 9.73(±4) 4.71(±3) 2.23(±1) 7.02(±4) 
8 3.51(±1.5) 27.68(±6) 4.61(±4.5) 11.53(±4.) 5.12(±3) 
 
24h 
P=5 
pH             media              Slag(%) Concrete(%) Maifan(%) Brick(%) Zeolite 
6 -29.51(±10) 0.66(±8) -39.67(±11) -29.18(±23) -24.2600(±13) 
7 20.00(±17) 48.20(±14) 18.03(±20) 14.75(±12) 24.5900(±17) 
8 9.18(±12) 33.44(±6) 12.46(±8) -1.64(±13) 14.1000(±5) 
 
P=15 
pH             media              Slag(%) Concrete(%) Maifan(%) Brick(%) Zeolite 
6 8.40(±4) 13.74(±2) 4.58(±2) 7.63(±2) 6.11(±1) 
7 9.16(±3) 26.79(±4) 10.69(±3) 8.40(±4) 13.74(±4) 
8 9.92(±2) 35.73(±3) 10.79(±4) 18.32(±5) 11.45(±3) 
 
P=30 
pH             media              Slag(%) Concrete(%) Maifan(%) Brick(%) Zeolite 
6 -23.61(±10) 69.93(±4) -77.70(±6) -135.08(±20) -132.79(±8) 
7 -7.21(±2) 70.10(±8) 28.20(±6) 16.72(±5) -17.05(±4) 
8 -11.48(±3) 61.64(±5) -26.56(±10) -43.93(±6) 32.79(±3) 
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2. Concrete study  
Adsorption test 
1. Effect of pH of solution on sorption 
pH Final 
concentration 
(mg/L) Ce 
Adsorption 
capacity 
(mg/g) SD SE 
Removal 
efficiency 
(%) 
5 1.17 0.847 0.067175 0.033588 93.5% 
6 1.33 0.839 0.078489 0.039244 92.7% 
7 2.49 0.781 0.084146 0.042073 86.2% 
8 4.56 0.677 0.050912 0.025456 74.8% 
9 3.46 0.732 0.074953 0.037477 80.9% 
 
2. Effect of dose of sorbent on phosphorus sorption 
Mass of 
adsorbent 
(g) W 
Final 
concentration 
(mg/L) Ce 
Adsorption 
capacity 
(mg/g) SD SE 
Removal 
efficiency 
(%) 
1 8.08 0.992 0.141421 0.070711 55.4% 
2 1.17 0.847 0.073539 0.03677 93.5% 
4 0.766 0.431 0.033941 0.016971 95.8% 
6 0.676 0.289 0.158392 0.079196 96.3% 
8 0.822 0.214 0.141421 0.070711 95.5% 
10 0.780 0.172 0.025456 0.012728 95.7% 
 
3. Effect of initial phosphorus concentration  
Initial 
concentration 
(mg/L) Co 
Final 
concentration 
(mg/L) Ce 
Adsorption 
capacity 
(mg/g) 
SD SE Removal 
efficiency 
(%) 
5 0.38 0.231 0.038184 0.019092 92.4% 
10 0.653 0.467 0.105359 0.052679 93.5% 
15 0.925 0.704 0.21496 0.10748 93.8% 
20 1.46 0.927 0.287085 0.143543 92.7% 
25 1.835 1.158 0.111016 0.055508 92.7% 
30 2.06 1.397 0.213546 0.106773 93.1% 
 
4. Desorption of P 
Initial 
concentration 
(mg/L) Co 
Final 
concentration 
(mg/L) Ce 
Desorption 
capacity 
(mg/g) 
SD SE Removal 
efficiency 
(%) 
5 0.2 0.010 0.001414 0.000707 4.33% 
10 0.705 0.035 0.00601 0.003005 7.55% 
15 0.804 0.040 0.002546 0.001273 5.71% 
20 0.657 0.033 0.004031 0.002015 3.54% 
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25 0.843 0.042 0.001344 0.000672 3.64% 
30 1.08 0.054 0.014142 0.007071 3.87% 
 
 
Kinetic and Thermodynamic study  
25°C 
Time 
(h) 
Volume of 
solution(L) 
V 
Final 
concentration 
(mg/L) 
Ce 
Adsorption 
capacity 
(mg/g) 
SD SE 
1 0.1 12.067 0.147 0.213 0.123 
3 0.1 7.645 0.368 0.271 0.157 
6 0.1 2.812 0.609 0.074 0.043 
12 0.1 1.051 0.697 0.017 0.010 
18 0.1 0.332 0.733 0.018 0.011 
24 0.1 0.029 0.749 0.003 0.001 
 
40°C 
Time 
(h) 
Volume of 
solution(L) 
V 
Final 
concentration 
(mg/L) 
Ce 
Adsorption 
capacity 
(mg/g) 
SD SE 
1 0.1 11.417 0.179 0.112 0.065 
3 0.1 6.002 0.45 0.203 0.117 
6 0.1 2.093 0.645 0.102 0.059 
12 0.1 0.311 0.734 0.004 0.002 
18 0.1 0.037 0.748 0.003 0.002 
24 0.1 0.02 0.749 0.000 0.000 
 
55°C 
Time 
(h) 
Volume of 
solution(L) 
V 
Final 
concentration 
(mg/L) 
Ce 
Adsorption 
capacity 
(mg/g) 
SD SE 
1 0.1 8.903 0.305 0.141 0.081 
3 0.1 2.64 0.618 0.142 0.082 
6 0.1 0.08 0.746 0.000 0.000 
12 0.1 0.06 0.747 0.000 0.000 
18 0.1 0.04 0.748 0.000 0.000 
24 0.1 0.02 0.749 0.000 0.000 
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Fractionation of inorganic phosphorus 
Raw concrete 
Step Inorganic P Volume(L) Concentration(mg/g) SD SE % 
I RSP 0.05 0.066 0.0425 0.0245 8.66% 
II Al-P 0.05 0.175 0.0865 0.0499 23.11% 
III Fe-P 0.05 0.000 0 0 0.00% 
IV O-P 0.045 0.266 0.0111 0.0064 35.20% 
V Ca-P 0.05 0.239 0.1122 0.0648 31.59% 
VI Mg-P 0.05 0.011 0.034 0.01963 1.43% 
 
 
Used concrete 
Step Inorganic P Volume(L) Concentration(mg/g) SD SE % 
I RSP 0.05 0.577 0.1500 0.0866 44.42% 
II Al-P 0.05 0.110 0.0629 0.0363 8.50% 
III Fe-P 0.05 0.000 0.0000 0.0000 0.00% 
IV O-P 0.045 0.297 0.1056 0.0610 22.86% 
V Ca-P 0.05 0.193 0.0196 0.0113 14.86% 
VI Mg-P 0.05 0.121 0.0210 0.012124 9.35% 
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Column test  
P  
 Inf Ef 0.4 Ef 0.7 Ef C Ef B 
26/07/2016 7.86 5.08 1.6 3.34 3.98 
28/07/2016 8.52 4.62 1.77 3.28 1.94 
02/08/2016 17.9 13.54 1.86 11.1 - 
4/08/2016 21.8 13.96 1.48 7.72 - 
12/08/2016 21.6 14.76 4.22 11.02 3.94 
17/08/2016 18.2 12.2 1.49 7.52 7.51 
26/08/2016 13.9 7.24 2.12 5.96 4.42 
8/09/2016 12.72 7.52 1.398 5.88 2.08 
13/09/2016 14.05 9.48 0.5 2.94 1.186 
16/09/2016 10.3 8.74 3.22 8 4.62 
20/09/2016 10.4 6.37 2.39  5.31 
21/09/2016 12.35 9.61 2.42 8.42 7.4 
30/09/2016 17 8.13 5.03 9.24 3.05 
4/10/2016 14.75 7.46 3.97 5.83 3.39 
12/10/2016 12.7 8.17 5.51 5.17 5.31 
13/10/2016 14.65 9.87 7.97 6.38 5.53 
14/10/2016 12.25 9.52 5.21 2.45 2.83 
17/10/2016 13.85 2.51 4.25 4.84 3.44 
18/10/2016 11.45 5.12 7.28 1.84 1.63 
24/10/2016 11.6 8.7 5.04 7.32  
25/10/2016 10.85 10.2 4.58 8.67 2.86 
31/10/2016 10.45 9.4 9.36 5.82 2.57 
3/11/2016 8.6 3.87 3.87 5.17 3.62 
7/11/2016 7.5 6.26 3.73 5.47 2.63 
9/11/2016 17.75 6.79 3.72 4.78 3.6 
11/11/2016 14.7 12.3 6.43 7.35 4.69 
14/11/2016 19.95 13.9 3.12 6.88 6.46 
17/11/2016 16.3 8.51 5.11 5.05 5.64 
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pH 
 Inf Ef 0.4 Ef 0.7 Ef C Ef B 
26/07/2016      
28/07/2016 7.51 7.9 7.84 7.92 7.53 
2/08/2016 7 7.37 8.67 7.4 7.52 
4/08/2016 7.28 7.5 8.79 7.81 7.53 
12/08/2016 7.22 7.42 8.4 7.69 7.61 
18/08/2016 7.3 7.67 8.38 7.86 7.69 
26/08/2016 7.31 7.58 8.33 7.91 7.69 
8/09/2016 7 7.49 7.8 7.69 7.74 
13/09/2016 7.02 7.53 7.68 7.38 7.75 
16/09/2016 6.97 7.44 8.12 7.57 7.8 
20/09/2016 7.01 7.25 8 7.56 7.3 
21/09/2016 7.22 7.61 7.62 7.55 7.77 
30/09/2016 6.74 7.46 7.55 7.62 7.76 
4/10/2016 7.33 7.87 7.55 7.85 7.83 
12/10/2016 7.11 7.4 7.59 7.61 7.69 
13/10/2016 7.28 7.33 7.56 7.51 7.64 
14/10/2016 7.33 7.43 7.33 7.44 7.71 
17/10/2016 7.54 7.31 7.69 7.75 7.59 
18/10/2016 7.52 7.16 7.41 7.36 7.17 
19/10/2016 7.51 7.33 7.3 7.21 7.18 
24/10/2016 7.57 7.5 7 6.92  
31/10/2016 7.49 7.37 7.6 7.02 7.09 
1/11/2016 7.14 7.2 7.27 7 7.05 
3/11/2016 7.62 7.03 7.05 7.09 7.46 
7/11/2016 7.37 6.9 6.94 6.94 7.13 
9/11/2016 7.33 6.98 6.86 7.08 7.21 
11/11/2016 7.38 7.17 6.62 7 7.09 
14/11/2016 7.11 6.2 7.1 7.26 6.99 
17/11/2016 7.12 7.07 7.09 7.32 7.3 
22/11/2016 7 7.46 7.21 7.86 7.61 
5/12/2016 7.23 7.3 7.86 7.51 7.53 
6/12/2016 7.03 7.16 7.83 7.85 7.54 
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IFM 
Long scan: W/C 0.46 –Before test 
Number of scan Long scan 
Ra Rq Rz 
1 48 61 234 
2 18 24 100 
3 16 21 81 
4 22 30 121 
5 20 26 111 
6 14 18 73 
7 20 26 107 
8 18 23 89 
9 24 31 125 
10 22 29 115 
Average 22.2 28.9 115.6 
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Short scan: W/C 0.46-Before test 
Number of scan Short scan 
Ra Rq Rz 
1 4 4.8 10.6 
2 1.25 1.51 1.9 
3 2 2.7 6 
4 1.5 1.8 3.1 
5 1.5 1.7 2.19 
6 1.4 1.8 2.8 
7 2 2.4 5.9 
8 1 1.24 2.7 
9 1.53 1.85 3.77 
10 2.9 3.48 7.64 
Average 1.908 2.328 4.66 
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RCA-Before test 
Number of scan Long scan 
Ra Rq Rz 
1 52 69 241 
2 14 18 70 
3 26 25 134 
4 18 27 116 
5 23 31 114 
6 15 20 84 
7 21 23 127 
8 18 21 114 
9 13 17 87 
10 22 26 158 
Average 22.2 27.7 124.5 
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RCA-Before test 
Number of scan Short scan 
Ra Rq Rz 
1 1.81 2.25 6.1 
2 2.57 3.2 5.67 
3 1.85 2.21 4.52 
4 1.26 1.56 3.96 
5 1.23 1.58 2.96 
6 2.66 3.29 7.22 
7 1.57 2.01 4.15 
8 1.13 1.44 3.17 
9 1.36 1.53 4.07 
10 1.81 2.18 4.92 
Average 1.725 2.125 4.674 
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0.7-Before test 
Number of scan Long scan 
Ra Rq Rz 
1 45 59 239 
2 13 17 67 
3 12 16 71 
4 17 24 88 
5 13 17 67 
6 12 15 76 
7 14 19 69 
8 11 14 56 
9 12 16 63 
10 17 23 103 
Average 16.6 22 89.9 
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0.7-Before test 
Number of scan short scan 
Ra Rq Rz 
1 1.49 1.8 5.19 
2 1.14 1.48 4.2 
3 2.16 1.67 5.68 
4 1.76 2.15 4.1 
5 1.68 2.02 4.63 
6 2.92 3.19 6.61 
7 3.56 1.27 6.1 
8 1.59 1.86 3.9 
9 2.23 2.86 6.99 
10 1.96 2.27 4.07 
Average 2.049 2.057 5.147 
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0.46-After test 
Number of scan Short scan 
Ra Rq Rz 
1 2.25 3.12 4.89 
2 2.16 2.69 3.68 
3 1.92 2.44 3.77 
4 1.43 1.54 2.31 
5 3.19 3.52 4.67 
6 1.19 1.39 2.61 
7 1.48 1.91 4.45 
8 1.15 1.4 2.46 
9 2.19 2.86 5.33 
10 3.32 3.88 6.66 
Average 2.028 2.475 4.083 
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RAC-After test 
Number of scan Short scan 
Ra Rq Rz 
1 1.18 1.38 2.88 
2 1.43 1.62 1.98 
3 1.25 1.59 2 
4 1.07 1.25 2.02 
5 1.11 1.26 1.75 
6 1.68 2.1 4.04 
7 1.47 1.66 3.08 
8 1.16 1.49 2.76 
9 1.56 2.03 3.79 
10 1.69 2.22 3.12 
Average 1.36 1.66 2.742 
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0.7 After test 
Number of scan Short scan 
Ra Rq Rz 
1 2 2.9 4.8 
2 1.1 1.42 2.57 
3 1.6 2.21 4.66 
4 1.33 1.66 3.26 
5 1.17 1.5 3.57 
6 1.88 2.4 5.09 
7 1.95 2.19 4.79 
8 1.55 1.86 5.28 
9 1.2 1.42 2.8 
10 1.24 1.55 4.2 
Average 1.502 1.911 4.102 
 
 
